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Preface 


This  special  issue  of  the  Journal  of  Technical  Physics  contains  the  manuscripts  of 
invited  lectures  presented  at  the  XXIV  International  Conference  on  Phenomena 
in  Ionized  Gases  which  was  held  in  Warsaw,  Poland,  from  11  to  16  July,  1999. 
Out  of  8  general  and  32  topical  invited  lectures  selected  by  the  International 
Scientific  Committee  of  the  ICPIG  and  presented  at  the  conference,  all  general 
ones  and  22  topical  papers  are  published  in  this  issue.  One  invited  lecturer 
did  not  submit  a  manuscript.  The  papers  are  ordered  alphabetically  within  a 
group  of  general  invited  lectures  and  a  group  of  topical  lectures,  according  to  the 
presenting  author’s  name. 

A  short  article  on  Hans  von  Engel  and  the  ICPIG  conference  (written  by  Prof. 
R.  Franklin),  a  lecture  given  by  Prof.  R.  Balescu  the  winner  of  the  first  von  Engel 
Prize  and  the  Summary  of  the  XXIV  ICPIG  are  placed  at  the  beginning  of  this 
volume. 

In  addition,  three  papers  submitted  by  the  Conference  Workshop  speakers 
and  three  late  contributed  papers  are  included  in  the  Appendix. 

All  the  invited  papers  included  in  this  volume  have  followed  the  current 
procedure  in  scientific  journals.  The  manuscripts  were  reviewed  twice:  first  by 
members  of  the  International  Scientific  Committee  and  then  by  referees  selected 
by  the  ISC  members  and  agreed  by  the  chairman  of  the  Local  Organizing  Com¬ 
mittee  representing  the  Guest  Editors  of  this  issue. 

The  contributed  papers  presented  in  the  poster  sessions  during  the  conference 
were  published  in  the  five  volume  set  of  the  Proceedings  of  Contributed  Papers 
and  distributed  to  all  conference  participants. 

The  additional  copies  of  the  Proceedings  are  available  through  the  IPPLM 
in  Warsaw. 

The  Guest  Editors  want  to  express  their  acknowledgement  to  the  authors  for  their 
hard  work  in  preparing  the  manuscripts  and  to  all  the  referees  for  their  time  and 
effort  devoted  to  revision  the  invited  papers. 

We  are  grateful  to  the  Editorial  Committee  of  the  Journal  of  Technical 
Physics  for  dedicating  this  Special  Issue  to  the  XXIV  ICPIG  conference. 

Finally,  we  also  want  to  thank  the  Publisher  for  their  perfect  cooperation. 


Guest  Editors:  Tadeusz  Pisarczyk 

Jerzy  Wolowski 
Pawel  Pisarczyk 

Preceding  Pag^^  Blank 


SUMMARY 

of  the  XXIV  International  Conference  on  Phenomena 
in  Ionized  Gases 
11  -  16  July,  Warsaw,  Poland 


1.  General 

The  XXIV  International  Conference  on  Phenomena  in  Ionized  Gases  is  a  subse¬ 
quent  conference  in  the  series  of  meetings  being  organized  biennially  with  par¬ 
ticipation  of  400-500  attendees,  the  last  having  been  held  in  Toulouse,  Prance, 
in  1997. 

The  ICPIG  is  the  only  international  conference  comprising  a  full  range  of 
low-temperature  plasma  which,  produced  by  various  methods,  has  some  com¬ 
mon  physical  properties.  For  a  long  time  such  a  plasma  has  found  very  broad 
applications  (e.g.,  in  lighting  engineering,  processing  of  metals,  plasma  engines, 
etc.)  which  are  still  being  improved  thanks  to  investigations.  New  sensational 
possibilities  of  employment  of  such  a  plasma  are  still  emerging  (e.g.,  plasma 
sources  of  ions,  electrons,  and  X-rays  used  in  material  technology,  equipment 
applied  in  environment  protection,  plasma  displays,  etc.). 

The  scientific  program  of  the  ICPIG  conferences,  selection  of  the  invited 
lectures  and  guidance  for  the  Local  Organizing  Committee  (LOC)  are  the  re¬ 
sponsibility  of  the  International  Scientific  Committee  (ISC). 

The  ICPIG  conferences  are  an  important  forum  for  promotion  of  investiga¬ 
tions  and  applications  of  plasma  in  developing  countries.  The  ICPIG  has  tradi¬ 
tionally  been  the  principal  forum  for  scientific  exchange  between  researchers  in 
plasma  physics  and  technology  in  Eastern  and  Western  European  countries. 

The  XXIVth  International  Conference  on  Phenomena  in  Ionized  Gases  was 
held  in  Warsaw  centre  at  the  campus  of  the  Warsaw  University,  from 
11th  to  16th  July  1999. 

The  local  arrangements  for  the  conference  were  made  by  the  LOC  in  co¬ 
operation  with  the  Institute  of  Plasma  Physics  and  Laser  Microfusion 
(IPPLM)  in  Warsaw. 


2.  Scientific  program 

Subject  areas.  The  XXIV  ICPIG  subject  areas  presented  in  Table  1,  were 
updated  by  the  ISC  in  April,  1998.  As  previously,  the  scientific  program  of  the 
conference  was  completed  with  additional  topics  related  to  important  applica¬ 
tions  of  plasma.  Two  topics  which  had  previously  been  proposed  for  the  XXIII 
ICPIG  in  Toulouse,  in  1997,  were  included  in  the  fixed  topical  set  as  topics  No. 
19  and  20  in  the  subject  areas.  As  topic  21,  the  special  topic  was  included  in  the 
subject  areas  according  to  the  suggestion  given  by  the  LOC.  This  topic  relates 
to  plasma  generated  in  Z-pinches  and  plasma-focus  devices.  These  plasmas  find 
various  applications  e.g,  in  material  technologies  and  development  of  protections 
against  neutrons  and  X-rays. 
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Summary  of  the  XXIV ICPIG 


Invited  papers.  The  ISC  invited  scientists  from  21  countries  to  give  lec¬ 
tures  devoted  solely  to  the  proposed  topic  of  the  lecture  and  the  research  output 
of  the  lecturer.  The  ISC  approved  of  the  list  of  8  general  lectures  (containing 
reviews  of  broad  fields  of  interest)  and  24  topical  lectures  (presenting  spe¬ 
cialized  reviews  of  topics  included  in  the  conference).  One  topical  lecture  was 
cancelled  (due  to  the  illness  of  the  speaker).  The  invited  papers  were  refereed 
twice:  first  by  an  ISC  member  and  next  by  a  referee  appointed  by  the  ISC  mem¬ 
ber  in  agreement  with  the  chairman  of  the  LOC  representing  the  Guest  Editors 
of  the  Special  Issue  of  the  Journal  of  Technical  Physics  (this  volume). 

Contributed  papers,  A  total  of  468  contributed  papers  (including 
6  ’’very  late”  papers  not  printed  in  the  proceedings)  had  been  reviewed  and 
accepted  by  the  LOC  for  poster  presentation.  The  presenter  was  one  of  the 
co-authors  registered  as  a  conference  participant. 

Table  1  shows  the  number  of  posters  divided  according  to  subject  areas. 

A  five  volume  set  of  the  Proceedings  of  Contributed  Papers  (462 
works)  was  printed  before  the  conference  and  distributed  during  the  confer¬ 
ence.  This  set  consisted  of  one  volume  for  each  of  four  days  when  poster  sessions 
were  held.  The  fifth  volume  contains  the  ’’late”  contributed  papers. 

The  additional  sets  of  the  Proceedings  are  available  for  sale  (US$ 
60)  at  the  address  of  the  IPPLM  in  Warsaw. 


3.  Conference  Workshop 

The  ICPIG  conferences  traditionally  unite  cognitive  and  applicable  aspects.  Also 
the  XXIV  ICPIG  was  of  the  same  character.  The  applicable  aspect  was  mani¬ 
fested  among  the  others,  by  organizing  the  Conference  Workshop  on  industrial 
applications  of  low-temperature  plasma  physics.  The  Workshop  topics  and  their 
speakers  invited  by  the  LOC  were  as  follows: 

1.  Pseudospark  discharge:  physics  and  applications,  W.  Hartmann  (Siemens^ 
Erlang en^  Germany) 

2.  Industrial  applications  of  e-beam  plasma  to  air  pollution  control  (electric 
plant  ’’Pomorzany”),  A.  G.  Chmielewski  (INCT,  Warsaw,  Poland) 

3.  Supersonic  plasma  jets  and  their  influence  on  aerodynamics  of  flight, 

A,  A.  Alexandrov,  (M.S.Univ,  Moscow,  Russia) 

4.  Studies  and  applications  of  dense  magnetized  plasmas  for  isotope  separa¬ 
tion  in  plasmas,  A.  L  Karchevsky  (M.P.L,  RRC  Kurchatov  Inst,  Moscow, 
Russia) 

5.  Table-top  plasma  for  industrial  and  domestic  applications, 

J.  van  der  Mullen  (Tech.Univ.,  Eindhoven,  The  Netherlands) 

6.  Magnetron  sputtering  of  materials  based  on  nanocomposite  coatings, 

J,  Musil  (Univ.West  Bohemia,  Plzen,  Czech  Republic) 

About  250  people  participated  in  the  Conference  Workshop. 


Summary  of  the  XXIV ICPIG 
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Table  1.  Number  of  poster  divided  among  the  diiferent  topics. 


Topics 

Number 
of  posters 

1. 

Kinetics,  thermodynamics  and  transport  phenomena 

18 

2. 

Elementary  processes 

23 

3. 

Low-pressure  glows 

40 

4. 

Coronas,  sparks,  surface  discharges  and  high-pressure  glows 

31 

5. 

Arcs 

31 

6. 

High-frequency  discharges 

46 

7. 

Ionospheric,  magnetospheric,  and  astrophysical  plasmas 

6 

8. 

Plasma  diagnostic  methods 

36 

9. 

Plasma  wall  interactions,  electrode  and  surface  effects 

18 

10. 

Physical  aspects  of  plasma  chemistry,  plasma  processing 

of  surfaces  and  thin  film  technology 

47 

11. 

Generation  and  dynamics  of  plasma  flows 

8 

12. 

Non-ideal  plasmas.  Clusters  and  dusty  plasmas 

21 

13. 

Waves  and  instabilities,  including  shock  waves 

17 

14. 

Nonlinear  phenomena,  self-organization  and  chaos 

10 

15. 

Particle  and  laser  beam  interaction  with  plasmas 

24 

16. 

Plasma  sources  of  radiation 

24 

17. 

Numerical  modelling 

36 

18. 

Plasmas  for  environmental  issues 

12 

19. 

Highly  ionized,  low-pressure  plasmas  (plasma  thrusters. 

ion  sources  and  surface  treatment) 

8 

20. 

High-pressure,  non-thermal  plasmas 

1 

21. 

Special  topic  to  be  emphasized  (at  the  XXIV  ICPIG): 
high-current  discharges  (Z-pinches,  plasma-focus, 

plasma  X-ray  sources,  etc.) 

11 

Total 

468 

4.  Von  Engel  Prize  and  prizes  for  the  best  posters 

The  ”Von  Engel  Prize”  was  established  in  1998  in  place  of  the  Penning  Prize 
awarded  during  the  previous  ICPIG  conferences.  This  prize  is  sponsored  by 
the  ”Hans  von  Engel  and  Gordon  Francis  Fund”  and  is  administered  by  the 
University  of  Oxford.  The  prize,  comprising  of  US$  1000  and  a  certificate,  will 
be  awarded  every  two  years  to  an  individual  for  the  achievements  in  the  field 
of  physics  and  technology  of  plasmas  and  ionized  gases,  as  covered  by  ICPIG 
meetings. 

The  first  von  Engel  Prize  was  awarded  during  the  XXIV  ICPIG  to 
Prof.  R.  Balescu  who  presented  a  special  lecturer  ’’Some  reflections  about 
transport  in  plasmas” . 
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The  ISC  awarded  three  prizes  for  the  best  posters  relating  to  an  experimental 
work,  a  theoretical  work  and  to  work  on  numerical  simulation.  Apart  from  sub¬ 
stantial  and  graphical  quality  of  the  poster  its  compliance  with  the  corresponding 
paper  were  taken  into  account.  The  winners  were  as  follows: 

•  for  the  experimental  work  -  ’’Dust  as  a  sheath  diagnostic”  prepared  by  D. 
A.  LaWj  E,  B.  Tomme^  W,H,  Steel,  B.  M.  Annaratone,  and  J.  E.  Allen 
(United  Kingdom), 

•  for  the  theoretical  work  -  ’’Formation  of  oscillatory  sheath  structure  in 
electronegative  plasmas”  prepared  by  A.  Kono  (Japan), 

•  for  the  work  on  numerical  simulations  -  ”  Two-temperature,  two- 
dimensional  modelling  of  cathode-plasma  interaction  electric  arcs”  pre¬ 
pared  by  J.  Wendelstofr  (Germany). 


5.  Participation 

A  total  of  411  scientists  coming  from  42  countries  (see  Table  2)  were  regis¬ 
tered  as  the  participants  at  the  XXIV  ICPIG.  There  were  also  about  40  registered 
accompanying  persons.  The  conference  fee  was  waived  for  about  90  participants. 
More  than  100  participants  had  paid  a  reduced  conference  fee.  A  partial  finan¬ 
cial  assistance  for  local  expenses  was  also  given  to  some  participants  from  poorer 
countries. 


6.  Conference  program 

The  conference  program  comprised  oral  and  poster  presentations.  8  general 
lectures  were  given  in  plenary  sessions.  23  topical  lectures  were  delivered  in  two 
parallel  sessions  covering  different  subjects.  There  were  three  lectures  on  similar 
subjects  in  each  topical  session.  The  invited  lectures  were  not  in  parallel  with 
poster  sessions. 

The  contributed  papers  (accepted  by  the  LOG)  were  presented  during  7 
poster  sessions,  each  2.5  hour  long  (including  coffee  breaks). 

The  Conference  Workshop  on  industrial  application  of  plasma  physics 
(open  to  all  registered  participants)  was  held  on  Sunday  afternoon,  11  July  and 
comprised  six  lectures. 

The  von  Engel  Prize  award  and  lecture  were  delivered  before  the  Closing 
Ceremony  on  Friday  morning,  16  July.  The  diplomas  and  gifts  were  handed  to 
the  authors  of  the  best  posters  before  the  von  Engel  Prize  award. 


7.  Social  events 

A  welcome  reception  for  all  participants  and  accompanying  persons  was  held 
on  Monday  evening,  12  July.  The  conference  banquet  for  the  persons  who  had 
purchased  the  banquet  tickets  and  the  persons  invited  by  the  LOC  was  held  on 
Thursday  evening,  15  July.  During  the  conference  there  were  six  excursions  for 
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the  accompanying  persons  and  two  excursions  for  the  participants  (on  Wednes¬ 
day  afternoon,  July  14). 


Table  2.  Number  of  participants  coming  from  different  countries. 


Country 

Number  of 
participants 

.  Country 

Number  of 
participants 

1.  Algeria 

1 

22.  Italy 

10 

2.  Argentina 

1 

23.  Japan 

66 

3.  Australia 

3 

24.  Korea  South 

1 

4.  Austria 

3 

25.  Mexico 

3 

5.  Belarus 

4 

26.  Moldova 

1 

6.  Belgium 

4 

27.  Norway 

2 

7.  Brazil 

1 

28.  Poland 

50 

8.  Bulgaria 

3 

29.  Portugal 

7 

9.  Canada 

1 

30.  Romania 

1 

10.  China 

1 

31.  Russia 

51 

11.  Croatia 

2 

32,  Slovakia 

2 

12.  Czech  R. 

26 

33.  Slovenia 

2 

13.  Egypt 

3 

34.  Spain 

3 

14.  Estonia 

3 

35.  Sweden 

3 

15.  Prance 

39 

36.  Switzerland 

3 

16.  Germany 

33 

37.  Syria 

2 

17.  Hungary 

3 

38.  The  Netherlands 

6 

18.  India 

2 

39.  Ukraine 

7 

19.  Iran 

1 

40.  UK 

2 

20.  Ireland 

2 

41.  USA 

20 

21.  Israel 

2 

42.  Yugoslavia 

3 

Total 

411 

On  behalf  of  the  Local  Organizing  Committee: 


Chairman  of  XXIV  ICPIG 
Jerzy  Wolowski 

Secretary  of  XXIV  ICPIG 
Tadeusz  Pisarczyk 


The  next  XXV  ICPIG  conference  will  be  held  in  Nagoya, 

Japan,  July,  2001. 
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HANS  VON  ENGEL  AND  THE  ICPIG  CONFERENCE^ 

R.  FRANKLIN 


THE  OPEN  UNIVERSITY 

Fox  Combe  Hall  Boars  Hill  Oxford,  UK 


In  1953  a  conference  on  ionization  phenomena  in  gases  was  held  in  Oxford  or¬ 
ganized  essentially  by  Hans  von  Engel  and  Gordon  Francis  as  Chairman  and 
Secretary  respectively. 

There  was  some  national  support  in  Britain  but  the  Physical  Society  was  of 
the  opinion  that  ’it  was  doubtful  if  there  was  sufficient  demand  for  there  to  be  a 
regular  international  conference  in  the  subject  area’. 

However,  such  interest  and  enthusiasm  was  generated  that  a  second  confer¬ 
ence  was  held  in  Delft  in  1955  and  a  third  in  Venice  in  1957. 

The  fourth  in  Uppsala  in  1959  marked  a  coming  to  maturity  with  the  confer¬ 
ence  proceedings  being  published  in  proper  book  form  and  since  then  they  have 
formed  part  of  the  scientific  literature. 

During  the  1 96 T  conference  in  Munich  the  Berlin  Wall  went  up  to  the  dismay 
of  many,  including  participants  of  the  conference. 

Von  Engel  was  sensitive  to  the  position  in  Europe  and  what  it  meant  for 
scientists.  He  had  survived  two  crises  in  his  life.  The  first  was  when  he  turned 
his  back  on  his  Austro-Hungarian  family  estate  (he  was  entitled  to  call  himself 
Baron)  and  became  a  practising  scientist.  The  second  occurred  in  1939  when  he 
left  his  post  at  Siemens  and  a  fruitful  collaboration  with  Steenbeck  over  several 
years  which  gave  rise  to  the  two  volume  work  which  was  the  standard  textbook 
Elektrische  Gasentladungen. 

And  so  for  a  number  of  years  the  conference,  which  had  by  then  acquired 
its  present  title,  alternated  between  countries  in  the  Eastern  and  Western  blocs. 
This  had  its  effect  on  attendance  but  even  those  whose  travel  was  restricted  could 
attend  every  other  conference  and  almost  inevitably  a  country’s  representation 
was  strongest  when  it  was  host. 

In  1971  the  Conference  was  again  in  Oxford  with  von  Engel  again  Chairman 
but  this  time  I  was  one  of  the  Secretaries.  During  that  meeting  a  constitution 

^The  speech  delivered  by  Prof.  R.  Franklin  before  awarding  Prof.  R.  Balescu  with  the  von 
Engel  Prize. 
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was  developed  giving  the  conference  and  its  International  Scientific  Committee 
continuity  and  a  standing  with  bodies  such  as  lUPAP. 

The  1971  meeting  was  a  financial  success  and  the  profits  were  used  to  es¬ 
tablish  the  Gordon  Francis  Fund  which  over  the  years  since  then  has  enabled  a 
significant  number  of  younger  scientists  from  Oxford  to  attend  the  Conference. 

Hans  von  Engel  was  himself  a  regular  attender  at  the  conferences  and  in 
particular  enjoyed  his  television  interview  in  Berlin  in  1977  when  he  informed 
his  interviewer  that  ’’organizing  a  conference  was  rather  like  having  a  baby”. 
Since  he  was  male  and  had  no  children  of  his  own  I  wondered  what  the  basis  was 
for  his  simile,  the  interviewer  was  at  a  loss  for  words. 

In  the  fullness  of  time  there  came  the  idea  of  a  prize  to  recognize  achievement 
in  the  field  and  contribution  to  the  conference.  The  Philips  Company  sponsored 
the  prize  for  four  successive  awards.  Fittingly  Hans  von  Engel  was  the  first 
recipient  of  the  Penning  Prize  in  1991.  But  unfortunately  his  health  did  not 
allow  him  to  travel  to  Barga  to  receive  it  and  he  died  a  few  months  later. 

When  it  was  learned  that  Philips  were  withdrawing  their  support  there  was 
dismay  amongst  regular  attenders  but  also  a  palpable  desire  to  continue  the 
concept  of  a  prize.  That  has  been  achieved  through  a  private  benefaction  aug¬ 
menting  the  Gordon  Francis  Fund  so  that  it  is  now  the  Gordon  Francis  and  von 
Hans  Engel  Fund  with  a  primary  purpose  of  ensuring  continuity  of  the  von  Engel 
Prize  for  so  long  as  the  conference  continues  to  flourish.  This  also  provides  a 
way  of  remembering  a  remarkable  individual  who  overcame  several  setbacks  in 
his  own  life  and  yet  assisted  many  young  people  to  fulfilling  scientific  careers.  I 
count  myself  privileged  to  be  one  of  them. 

Let  me  end  with  the  story  of  how  he  came  to  write  Ionized  Gases.  On  a 
visit  to  the  United  States  he  learned  from  the  (so-called)  Department  of  Justice 
that  during  the  Second  World  War  they  had  seized  the  copyright  to  Elektrische 
Gasentladungen.  His  reply  was  ”I  will  write  another  book  which  will  be  so 
different,  your  copyright  will  be  worthless”.  That  reply  is  typical  of  the  man  and 
his  book  is  well  known  to  most,  if  not  all,  present  today.  If  he  were  still  alive  this 
would  be  his  one  hundredth  year  and  yet  he  would  be  surprised  by  the  success 
of  what  he  started. 
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SOME  REFLECTIONS  ABOUT  TRANSPORT  IN  PLASMAS 

R.  BALESCU 


ASSOCIATION  EURATOM-ETAT  BELGE,  UNIVERSITE  LIBRE  DE  BRUXELLES,  CP  231 

Campus  Plaine  ULB,  Bd.  du  Triomphe  1050  Bruxelles,  Belgium 


I  should  like  to  say,  in  the  first  place,  how  happy  and  honoured  I  feel  upon 
receiving  the  first  von  Engel  prize.  It  has  been  a  wonderful  surprise!  I  wish 
to  express  my  deep  gratitude  to  the  International  Scientific  Committee  of  the 
International  Conference  on  Phenomena  in  Ionized  Gases  and  the  von  Engel 
Foundation  for  this  honour  bestowed  to  me. 

Hans  von  Engel  was  one  of  the  earliest  pioneers  of  the  physics  of  ionized 
gases.  Upon  re-reading  his  first  2-volume  treatise  (written  in  collaboration  with 
M.  Steenbeck)  ”Elektrische  Gasentladungen:  ihre  Physik  und  Technik”  [1]  one 
cannot  but  be  impressed  by  the  amount  of  information  accumulated  at  the  time, 
and  especially  by  the  clarity  and  the  modernity  of  the  text.  The  book  can  be 
read  today  as  easily  as  a  contemporaneous  one,  without  any  feeling  of  archaism. 
Together  with  a  large  amount  of  experimental  (and  technical)  data,  a  simple,  but 
accurate  and  meticulous  theoretical  explanation  of  the  phenomena  is  provided. 
The  remarkable  fact  is  that  with  such  simple  tools  a  consistent  overall  picture 
emerges  for  the  extraordinarily  complex  superposition  of  processes  taking  place 
in  a  gas  discharge. 

Von  Engel  used  in  1932  the  term  ” plasma”  (originally  due  to  Langmuir)  in 
the  very  special  meaning  of  a  fully  ionized  gas,  and  studied  some  of  its  properties 
(in  particular,  the  plasma  oscillations)^;  but  at  that  time  it  seems  that  such  a 
state  of  matter  was  still  considered  as  rather  exceptional.  The  omnipresence 
of  plasma  in  the  universe  was  not  realized  at  that  time:  a  typical  statement 
from  the  book  (vol.  2,  §13)  is:  “Da  nun  in  Wirklichkeit  niemals  -  vielleicht 
mit  Ausnahme  von  Nebelsternen  -  ein  Plasma  ohne  aufiere  Storung  sich  selbst 

^Note  that  the  title  of  von  Engel’s  last  book  is  ^Electric  Plasmas:  their  nature  and  uses"  [2]: 
here  the  term  ’’plasma”  is  given  its  modern  meaning,  covering  both  fully  and  partially  ionized 
gases. 
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iiberlassen  bleibt,  sondern  da  zur  Erhaltung  des  Plasmas  irgendeine  elektrische 
Entladung  notwendig  ist...^” 

One  fact  appears  clearly  in  von  Engel’s  1932  book:  the  crucial  importance 
of  transport  phenomena  in  understanding  the  behavior  of  plasmas.  Diffusion, 
heat  conduction  and  electrical  currents  are  the  basic  ingredients  necessary  for 
understanding  what  happens  in  any  system  out  of  equilibrium.  In  such  a  system 
the  density,  the  temperature  and  the  electric  potential  are  spatially  inhomoge¬ 
neous.  The  system  then  tends  to  equalize  these  quantities:  this  produces  fluxes 
of  particles,  heat  and  electric  charge.  But  the  detailed  transport  mechanisms  can 
be  incredibly  complex;  their  study  may  involve  contributions  from  most  fields  of 
physics. 

The  simplest  situation  occurs  in  neutral  gases.  It  was  known  since  Boltz¬ 
mann  (1872)  that  the  diffusive  fluxes  were  determined  by  a  competition  between 
free  motion  of  the  molecules  and  their  mutual  elastic  collisions.  Whenever  a 
sufliciently  strong  electric  field  is  applied,  the  situation  changes  radically.  The 
competition  is  now  between  free  motion  of  neutrals  and  accelerated  motion  of 
charged  particles  on  one  hand,  and  on  the  other  hand  elastic  and  inelastic  col¬ 
lisions  of  all  kinds  (excitations  and  de-excitations,  ionizations  and  recombina¬ 
tions,  chemical  transformations,...),  von  Engel  was  a  master  in  constructing  a 
consistent  picture  of  these  extremely  complex  processes  by  using  very  elementary 
descriptions  of  the  collision  processes.  The  input  for  a  complete  explanation  re¬ 
quires  the  (experimental  or  theoretical)  knowledge  of  cross-sections  for  all  these 
collision  processes,  a  formidable  task  which  is  far  from  being  exhausted  in  the 
present  time. 

The  picture  sketched  above  is  valid  for  weakly  ionized  gases.  When  we  con¬ 
sider  a  fully  ionized  plasma  the  picture  is  again  quite  different.  The  difficulties 
due  to  the  atomic  processes  are  no  longer  present,  but  another  difficulty  creeps  in. 
von  Engel  was  quite  conscious  of  this  in  1932:  the  interactions  between  charged 
particles  could  no  longer  be  described  by  the  simple  concept  of  collisions  of  the 
same  kind  as  in  a  neutral  gas.  This  is  due  to  the  long  range  of  the  Coulomb 
force.  Von  Engel’s  description  went  as  follows:  The  entire  space  is  filled  with  an 
electric  field  produced  by  the  charged  particles;  it  depends  on  the  instantaneous 
positions  of  the  particles  and  is  therefore  wildly  changing  in  space  and  time.  He 
called  this  the  micro  field.  A  description  of  the  transport  processes  in  the  plasma 
required  a  statistical  study  of  the  microfield. 

At  the  time  of  the  publication  of  the  von  Engel-Steenbeck  treatise,  there 
existed  a  very  successful  theory  of  electrolyte  solutions  due  to  Debye  and  Hiickel 
in  1923.  It  had  introduced  the  important  concept  of  a  self-consistent  average  field 
which  described  the  dominant  collective  effects  in  a  system  of  charged  particles 
(in  equilibrium).  It  is  very  strange  to  note  that  this  development  (in  physical 
chemistry)  had  no  immediate  impact  on  the  theory  of  gas  discharges.  Even 
the  fundamental  concept  of  Debye  length  is  not  mentioned  by  von  Engel  and 


^ Since  in  reality  -  perhaps  with  the  exception  of  nebular  stars  -  a  plasma  cannot  be  selfsus- 
tained  without  an  external  factor;  for  the  conservation  of  a  plcisma  some  electrical  discharge  is 
necessary... 
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Steenbeck.  The  average  field  is  bypassed  by  the  authors^  and  only  the  much 
more  complicated  field  fluctuations  are  treated,  necessarily  in  a  very  primitive 
way.  It  was  only  in  1938  that  Vlasov  derived  an  equation  for  the  evolution  of  the 
plasma  distribution  function  under  the  action  of  a  self- consistent  average  field, 
much  in  the  spirit  of  the  Debye-Hiickel  theory.  This  equation  was  promised  to 
an  extremely  wide  success  for  the  description  of  certain  properties  of  plasmas, 
especially  in  the  very  high  temperature  regime,  where  the  collision  frequency  is 
quite  small,  and  which  became  crucial  when  fusion  research  started  to  develop. 

The  problem  of  the  fluctuating  microfield  posed  by  von  Engel  remained, 
however,  open.  In  1936  a  first  important  approach  was  attempted  by  Landau. 
Instead  of  focussing  on  the  microfield  statistics,  he  turned  to  the  statistics  of 
its  sources,  i.e.,  the  particles:  this  was  an  important  step.  In  order  to  describe 
Coulomb  collisions,  he  retained  the  idea  that,  because  of  the  long  range  of  the 
electric  forces,  the  particles  influence  each  other  even  at  large  distance,  when 
the  intensity  of  the  interactions  is  small.  As  a  result,  he  expanded  the  Boltz¬ 
mann  kinetic  equation  and  obtained  a  limiting  kinetic  equation  which  bears  a 
superficial  resemblance  to  the  Fokker-Planck  equation  of  Brownian  motion  the¬ 
ory.  This  equation,  combined  with  the  Vlasov  equation,  is  still  used  in  our  days 
as  a  simple  approximation  for  the  Coulomb  collisions.  It  appeared,  however, 
immediately  that  the  Landau  equation  missed  its  target.  The  integral  defining 
its  coefficients  diverge,  both  at  small  distance  and  at  large  distance.  The  reason 
for  the  former  divergence  is  obvious  (at  small  range  the  weak  coupling  condition 
breaks  down),  but  the  large  distance  divergence  was  quite  disturbing.  It  clearly 
meant  that  the  Landau  weak  coupling  approximation  did  not  capture  the  whole 
specificity  of  the  Coulomb  interactions. 

By  the  time  when  I  was  working  on  my  PhD  thesis  (late  fifties)  enormous 
progress  had  been  reached  in  nonequilibrium  statistical  mechanics.  Several  ap¬ 
proaches  (Kirkwood,  Bogolyubov,  Prigogine)  -  which  later  proved  to  be  equiva¬ 
lent  -  led  to  rigorous  derivations  of  the  ’’classical”  kinetic  equations  (Boltzmann, 
Landau)  from  first  principles,  by  using  perturbation  expansions  in  some  small 
parameter,  such  as  the  electric  charge  e  for  the  Landau  equation.  This  progress 
was  due,  in  particular,  to  the  impact  of  the  methods  developed  in  quantum  field 
theory.  At  the  same  time,  Joseph  Mayer  had  obtained  a  remarkable  derivation 
of  the  equilihrium  Debye-Hiickel  theory  by  using  orthodox  methods  of  statistical 
mechanics  (the  virial  series).  The  striking  feature  of  his  theory  is  the  fact  that 
an  infinite  subseries  of  contributions  to  the  virial  series,  defined  by  a  precise 
criterion,  had  to  be  summed  in  order  to  obtain  the  equilibrium  Debye  theory. 

Given  that  ’’environment”,  it  was  pretty  straightforward  to  try  combining 
these  various  approaches  for  obtaining  a  transport  theory  for  plasmas.  Nonequi¬ 
librium  statistical  mechanics  provided  the  “raw  material”,  i.e.,  a  systematic  rule 
for  constructing  all  possible  contributions  to  the  perturbation  series  (in  powers 
of  the  charge)  for  the  time-dependent  distribution  function  of  charged  particles. 
This  produces,  however,  an  enormously  intricate  forest  of  terms,  each  of  which 
can  be  identified  visually  by  a  diagram,  that  is  in  one-to-one  correspondence 

^The  only  (implicit)  use  of  the  average  field  appears  in  the  very  short  chapter  on  plasma 
oscillations,  where  the  electron  plasma  frequency  Upe  is  derived. 
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with  the  mathematical  expression.  In  order  to  create  a  path  through  this  forest 
I  needed  an  additional  criterion,  which  came  from  the  Debye  equilibrium  theory. 
The  screened  Debye  potential  is  well-known: 

(1)  Vb(r)  =  —  exp(-Kr),  k  =  ( -y—  1  > 

where  e  is  the  charge,  n  the  particle  density  and  T  the  temperature  (in  energy 
units).  Remarkably,  the  charge  appears  in  two  forms:  once  as  a  prefactor  of 
the  potential,  and  also  within  the  inverse  Debye  length  k  which  enters  the  ar¬ 
gument  of  the  exponential.  In  order  to  obtain  a  theory  consistent  with  Debye’s, 
and  in  which  the  plasma  is  considered  weakly  coupled,  one  should  keep  in  the 
perturbation  series  the  dominant  contributions  in  the  ’’bare”  charge  e^,  but  si¬ 
multaneously  retain  the  combination  e^n  to  all  powers.  The  diagram  technique 
allows  the  easy  identification  of  all  the  terms  fulfilling  this  criterion.  Prom  here 
on  mathematics  did  its  job.  Fortunately,  it  turned  out  that  the  infinite  series 
could  be  summed  exactly  in  closed  form.  The  result  is  a  kinetic  equation  for 
the  evolution  of  the  distribution  function  of  a  weakly  non-ideal,  fully  ionized 
plasma  [3,  4].  It  has  the  general  form  of  the  Landau  equation,  but  the  Coulomb 
interaction  potential  is  replaced  by  an  effective  potential  that  is  self-consistently 
defined  in  terms  of  the  unknown  distribution  function.  This  potential  changes 
synchronously  with  the  evolution  of  the  distribution  function.  As  a  result,  the 
equation  is  very  strongly  nonlinear  (which  makes  its  solution  very  difficult). 
This  nonlinearity  expresses  the  collective  character  of  the  collision  process^  which 
could  be  described  as  a  superposition  of  two-body,  three-body,  four-body,...  col¬ 
lisions.  Seen  from  another  perspective,  the  collision  process  involves  the  whole 
plasma  environment,  which  is  permeated  by  the  fluctuating  ’’microfield”  defined 
by  von  Engel.^ 

This  kinetic  equation  thus  solved  the  problem  of  the  definition  of  the  Coulomb 
collisions  in  a  plasma.  This  does  not  imply  by  any  means  that  it  solved  the  prob¬ 
lem  of  transport  in  plasmas!  The  collective  nature  of  the  plasma  phenomena 
shows  up  not  only  in  the  fluctuations  of  the  microfield  at  atomic  length  scales, 
but  also  as  waves  at  all  intermediate  scales  up  to  macroscopic  ones.  The  creation, 
mixture  and  annihilation  of  these  waves  gives  rise  to  an  enormously  complex  tur¬ 
bulent  state  of  the  plasma  which  is  by  no  means  exceptional,  but  is  rather  the 
common  state  of  a  real  high-temperature  magnetically  confined  plasma.  It  ap¬ 
peared  quite  soon  that  the  measured  values  of  the  transport  coefficients  (e.g.,  the 
diffusion  coefficient)  of  the  electrons  in  a  tokamak  plasma  exceed  by  two  to  three 
orders  of  magnitude  the  values  computed  from  the  ’’classical”  kinetic  equations. 

"^When  tiiis  work  was  finished  and  sent  to  publication  in  1961,  I  obtained  from  my  friend 
Melville  Green  a  preprint  of  a  paper  which  was  sent  simultaneously  to  another  journal:  I  was 
amazed  to  find  out  that  A.  Lenard  had  obtained  exactly  the  same  equation,  quite  independently 
and  by  a  different  method  [5].  (I  first  met  Lenard  twenty  years  later  at  a  Conference  in  Vienna 
commemorating  Boltzmann’s  kinetic  equation!)  A  little  later,  I  learned  that  R.L.  Guernsey 
also  obtained  the  same  kinetic  equation  (but  published  it  only  as  an  internal  report).  Thus, 
the  same  ideas  popped  up  simultaneously  at  locations  separated  by  thousands  of  kilometers! 


Some  reflections  about  transport  in  plasmas 
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The  collisions  become  very  rare  at  the  high  temperatures  of  the  fusion  plasmas. 
The  transport  phenomena  are  then  mainly  controlled  by  wave-particle  and  wave- 
wave  interactions.  Their  description  requires  a  ’’second  level”  of  statistics.  The 
particle  distribution  functions  no  longer  obey  deterministic  kinetic  equations, 
but  must  be  considered  as  random  quantities  because  of  the  presence  of  turbu¬ 
lent  field  fluctuations.  The  determination  of  the  so-called  anomalous  transport 
coefficients  is  a  problem  presenting  enormous  difficulties:  it  is  still  open  at  the 
present  time,  in  spite  of  enormous  theoretical  and  computational  efforts  in  view 
of  its  solution. 

The  influence  of  turbulence  on  transport  is  not  only  a  quantitative  one.  It 
is  well-known  that  the  “classical”  theory  of  transport  is  governed  by  Onsager’s 
symmetry  principle^.  The  transport  matrix  relating  linearly  the  vector  J  of  the 
fluxes  (particle  flux  F,  heat  flux  q,  electric  current  j)  to  the  corresponding  vec¬ 
tor  of  thermodynamic  forces  (pressure  gradient  VP,  temperature  gradient  VT, 
electric  field  E)  is  symmetric.  This  is  a  direct  consequence  of  a  deep  property  of 
the  collision  operator  (self-adjointness).  In  presence  of  turbulence,  the  transport 
coefficients  may  be  represented  as  sums  of  a  classical  part  and  an  anomalous 
part.  (Note  that  this  decomposition  is  made  solely  for  theoretical  convenience; 
the  two  parts  cannot  be  determined  separately.)  The  transport  equations  are 
then  written  as: 


(2)  J  =  (Tcl+Tan)-X. 

Onsager’s  principle  tells  us  that  the  classical  matrix  equals  its  transpose: 
Tci  =  T^  It  can  be  shown  from  rather  general  arguments  that  the  symmetry 
breaks  down  for  the  anomalous  transport  matrix  [6]:  Tan  ^  Tan-  This  is  because 
some  of  the  basic  assumptions  of  the  Onsager  theorem  break  down  in  turbulent 
systems.^ 

The  effect  of  turbulence  on  transport  can  be  even  deeper.  Consider,  for 
simplicity,  the  diffusion  flux,  defined  by  the  transport  equation:  T  =  D  (-Vn), 
where  D  is  the  diffusion  coefficient.  Combined  with  the  continuity  equation,  it 
yields  the  well-known  diffusion  equation  for  the  density  profile  n{x,t):  dtu  = 
D  V^n.  It  is  well  known  that  the  latter  equation  can  be  understood  stochasti¬ 
cally.  n(rr,t)  is  then  interpreted  as  the  probability  distribution  of  an  ensemble 
of  particles  undergoing  a  random  walk  under  the  action  of  collisions  and/or  field 
fluctuations.  Let  x{t)  be  the  instantaneous  position  of  a  particle  starting  at  the 
origin.  It  is  easily  shown  [7]  that,  if  the  diffusion  equation  is  valid,  the  mean 
square  deviation  is  a  linear  function  of  time  (at  least  in  the  limit  of  long  time): 


^The  forthcoming  statements  are  oversimplified.  We  consider  systems  in  absence  of  magnetic 
field,  and  make  no  distinction  between  electron  and  ion  temperatures.  The  results  are,  however, 
easily  generalized. 

®This  point  gave  rise  to  some  polemic  discussions  in  the  literature.  Let  me  just  mention  here 
that  the  authors  who  claim  to  have  obtained  a  symmetric  transport  matrix  axe  using  different 
sets  of  forces  and  fluxes  for  the  classical  and  the  anomalous  part  of  the  matrix.  The  symmetry 
in  the  new  set  of  variables  does  not,  in  general,  imply  the  symmetry  in  the  original  (physical) 
representation. 
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(3)  ^  N  ^  J  dxx^n{x,t)  =  2Dt. 

Such  a  diffusive  behavior  is,  however,  not  guaranteed  in  a  turbulent  plasma. 
Rather,  all  possibilities  of  the  following  type  are,  a  priori^  possible: 


(4)  {x\t))  =  Be. 

The  real  number  a  is  called  the  diffusion  exponent  Whenever  a  ^  1  we  deal 
with  strange  transport .  Two  cases  are  distinguished: 


a  >  1  :  Superdiffusion, 
a  <  1  :  Subdiffusion. 

The  subdiffusive  case  is  particularly  interesting  for  plasmas  in  presence  of 
a  fluctuating  magnetic  field.  The  reason  is  that  particles  (or  guiding  centers) 
tend  to  stick  to  the  field  lines.  When  collisions  are  rare,  the  transport  across  the 
magnetic  field  is  controlled  by  the  field  fluctuations  and  gives  rise  to  a  subdiffusive 
process  with  a  —  \  [8],  [9].  This  process  is  connected  to  a  continuous  time 
random  walk.  Instead  of  a  diffusion  equation,  the  density  profile  obeys  a  non- 
markovian  diffusion  equation  of  the  form: 

(5)  dtn{x,t)  =  f  drF(r)  V^n(a:,t  “  r). 

Jo 

Another  interesting  case  is  provided  by  the  magnetic  field  structure  in  a  toka- 
mak  or  a  stellarator.  It  is  well-known  that  in  presence  of  spatial  perturbations 
(due  to  external  and/or  internal  sources)  the  regular  structure  of  nested  toroidal 
magnetic  surfaces  is  deformed.  In  the  neighborhood  of  rational  surfaces  there 
appear  magnetic  islands  lined  with  chaotic  layers  and  separated  from  each  other 
by  undestroyed  (KAM)  surfaces.  Upon  increasing  the  amplitude  of  the  fluctua¬ 
tions  the  thickness  of  the  chaotic  regions  increases,  more  surfaces  are  destroyed 
and  eventually  the  chaotic  region  invades  the  whole  plasma.  The  physically  use¬ 
ful  case  (because  it  corresponds  to  confinement)  is  the  former  case  of  incomplete 
chaos;  it  also  poses,  however,  the  most  difficult  mathematical  problem.  It  has 
been  shown,  semi-numerically,  that  a  magnetic  line  starting  in  a  chaotic  layer 
progressively  fills  the  latter  by  undergoing  a  typical  subdiffusive  behavior  [9,  10]. 
Its  motion  is  again  slowed  down  because  of  its  sticking  to  the  island  surface. 

‘^Physicists  working  in  the  field  of  dynamical  systems  use  the  term  anomalous  transport  for 
this  phenomenon.  We  prefer  the  present  terminology  in  order  to  make  a  distinction  with  the 
’’anomalous  transport”  introduced  above  (a  name  currently  used  in  plasma  physics),  which  is 
diffusive,  but  non-collisional,  hence  controlled  by  the  turbulent  fluctuation  spectrum. 
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These  few  examples  should  suffice  to  suggest  that  the  field  of  plasma  transport 
theory,  brilliantly  started  by  the  pioneers  of  plasma  physics,  in  particular  by 
Hans  von  Engel  seventy  years  ago,  is  more  active  than  ever,  appealing  to  almost 
all  fields  of  physics.  Its  importance  is  crucial  in  numerous  applications.  Among 
others  we  may  quote  gas  discharges,  fusion  physics,  geophysics,  astrophysics,  not 
forgetting  its  quantum  version  appearing  in  condensed  matter  physics.  As  some 
problems  are  solved,  new  ones  appear  at  the  horizon.  The  younger  generations 
will  still  be  active  for  decades  to  come. 
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A  brief  survey  is  presented  of  the  sources  of  ionization  in  the  Universe  and  a  description  is 
given  of  the  physical  atomic  and  molecular  processes  that  determine  the  characteristics  of  the 
resulting  plasmas. 


1,  Introduction 

The  Universe  offers  a  broad  range  of  plasmas,  varying  in  density,  temperature 
and  degree  of  ionization,  produced  by  a  diversity  of  ionization  sources.  Atomic 
and  molecular  processes  are  central  to  the  characterization  of  the  responses  of 
the  matter  to  the  ionization  and  exercise  a  substantial  influence  on  the  evolution 
of  astronomical  objects.  They  also  provide  diagnostic  probes  of  the  physical 
conditions  in  their  creation  of  f)hotons  which  collected  by  telescopes  are  our 
major  source  of  information  about  the  Universe.  I  present  here  an  account  of 
some  of  the  sources  of  ionization  in  the  Universe  and  discuss  the  atomic  and 
molecular  processes  that  occur. 


2.  Early  Universe 

According  to  the  standard  cosmology,  the  big  bang  cosmology,  the  Universe 
expanded  from  a  singularity.  It  was  very  hot,  too  hot  for  any  composite  particle 
to  exist  except  as  a  transient  species  quickly  destroyed  by  the  intense  radiation 
field  and  by  energetic  collisions.  The  Universe  was  a  plasma,  a  gluon  plasma,  in 
which  the  main  constituent  consisted  of  quarks.  The  expansion  was  adiabatic 
and  the  Universe  cooled  rapidly  to  a  temperature  at  which  quarks  could  combine 
and  remain  combined  in  the  form  of  protons.  The  protons  captured  electrons 
to  form  neutrons  and  after  about  200  seconds  a  brief  period  of  nucleosynthesis 
ensued  in  which  ^He  nuclei  were  created  together  with  trace  amount  of  ^He, 
and  ^Li  nuclei. 
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The  temperature  was  about  10^  K  and  the  Universe  was  a  fully-ionized  elec¬ 
tron  plasma  with  no  bound  electrons,  irradiated  by  photons.  Radiation  and 
matter  were  closely  coupled  by  Thompson  scattering  of  photons  and  electrons 
and  shared  a  common  temperature. 

The  Universe  then  coasted  for  about  100,000  years,  gradually  getting  colder 
and  less  dense.  Any  recombination  of  electrons  and  charged  nuclei  that  occurred 
was  immediately  reversed  by  photoionization  and  by  electron  impact  ionization. 
Eventually  though  the  temperature  fell  to  about  4000  K,  the  supply  of  photons 
and  electrons  energetic  enough  to  cause  ionization  diminished,  and  recombination 
took  effect. 

In  this  recombination  era,  the  Universe  was  transformed  from  a  fully-ionized 
plasma  to  an  almost  neutral  gas.  Thermal  contact  between  electrons  and  photons 
was  lost  and  radiation  and  matter  subsequently  evolved  independently.  The  loss 
of  contact  permitted  the  formation  of  density  enhancements  in  the  matter  which 
were  later  to  be  enlarged  by  gravitational  accumulation  to  create  the  first  distinct 
cosmological  objects. 

The  recombination  was  radiative  recombination.  It  was  not  a  sudden  event. 
It  occurred  sequentially  in  the  order  of  the  ionization  potentials,  beginning  with 
the  recombination  of  Li^"^  , 

(2.1)  + 

followed  by  the  conversion  of  Li^+  to  Li+,  He^^  to  He+  to  He  and  H+  to  H. 
The  lithium  was  left  mostly  singly  ionized  because  by  the  time  photoionization 
and  electron  impact  ionization  of  lithium  which  has  an  ionization  potential  of 
5.4  eV  became  ineffective  recombination  of  the  major  constituents  of  H  and  He 
was  complete  and  there  were  few  electrons  left  with  which  Li+  could  recombine. 

With  the  formation  of  a  neutral  species,  the  helium  atom,  the  formation  of  a 
stable  molecular  system  became  possible.  The  molecular  ions  HeH+,  He^,  and 
LiHe"^  came  into  existence  by  radiative  association 


(2.2) 

H+  +  He  ^  HHe+  +  v 

(2.3) 

He+  +  He  ->  Hef  + 1/ 

(2.4) 

Li+  +  He  ^  LiHe+  +  v. 

All  were  removed  by  dissociative  recombination 


(2.5) 

HeH+  +e^H-}-He 

(2.6) 

He^  “h  e  — ^  He  -(-  He 

(2.7) 

LiHe"*"  -he  ^  Li  -h  He. 

Atomic  and  molecular  processes  in  astrophysical  plasmas 
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The  net  effect  of  the  formation  of  molecular  ions  was  a  slight  acceleration  of  the 
recombination  of  He"^,  and  Li*^. 

With  the  recombination  of  hydrogen  atoms  participated  in  exchange 
reactions 

(2.8)  HeH+  +  H  ^  -f  He. 
ions  were  later  produced  by  radiative  association 

(2.9) 

and  the  ions  underwent  charge  transfer  in  collisions  with  hydrogen  atoms 

(2.10)  H+  +  H-^H2  +  H+ 

to  create  the  first  neutral  molecular  species,  molecular  hydrogen.  The  sequences 
that  formed  became  effective  sources  of  H2  when  the  temperature  had  fallen 
so  that  photodissociation  and  electron  impact  dissociation  of  no  longer  oc¬ 
curred.  Later  still,  negative  ions  H~  formed  by  radiative  attachment, 

(2.11)  e  + 

survived  to  react  with  H  by  associative  detachment, 

(2.12)  H  -hH--^H2  +  e. 

The  sequence  of  (1.11)  and  (1.12)  was  the  most  abundant  source  of  H2  in  the 
early  Universe. 

The  formation  of  HeH"^  by  radiative  association  and  of  H“  by  radiative  at¬ 
tachment  is  enhanced  by  the  stimulated  emission  of  photons  by  the  cosmic  back¬ 
ground  radiation  field  [1,  2]. 

(2.13)  4-  He  +  i/f,  -)►  HeH"^  +  ^ 

(2.14)  H  +  e  +  i/5-)-H““  +  t^  +  i/ 

but  the  effects  on  the  molecular  composition  in  the  recombination  era  were  small. 
Associative  ionization  involving  excited  hydrogen  atoms 

(2.15)  H(2s,  2p)  -h  H  — >  HJ  -h  e 

(2.16)  H(2s,2p)  -f  H2  — >•  H^  +  e 

played  a  minor  role  as  sources  of  ionization. 

Detailed  accounts  of  the  hydrogen,  deuterium,  helium  and  lithium  early  Uni¬ 
verse  chemistries  and  of  the  evolution  of  the  molecular  abundances  of  the  different 
constituents  have  been  presented  [3,  4,  5,  6].  Molecular  hydrogen  is  the  most 
abundant  molecular  species  with  a  fractional  content  of  about  10~^  and  relict 
electrons  left  after  recombination  are  present  at  a  fraction  of  about  10~^. 
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Because  of  the  efficiency  of  molecules  as  coolants,  the  presence  of  H2and 
of  HD,  LiH,  and  LiH“^  had  a  substantial  influence  on  the  masses  of  the  first 
collapsing  objects.  As  the  collapse  proceeded  and  the  density  increased,  molec¬ 
ular  abundances  were  enhanced  by  three-body  association.  Pressure  gradients 
built  up  and  shocks  developed  in  which  ionization  was  initiated  by  associative 
ionization 

(2.17)  +  e 
polar  ionization 

(2.18)  H+H->H+  +  H- 
and  direct  impact  ionization 

(2.19)  H  + 

The  rate  coefficients  of  these  reactions  are  not  known.  With  the  re-introduction 
of  electrons,  (2.18)  being  followed  by  (2.12),  electron  impacts 

(2.20)  e  +H^e  +H+  +  e 

superseded  (2.17)-(2.19)  as  a  source  of  ionization. 

The  collapse  ended  in  the  creation  of  star-like  objects  in  which  nuclear  energy 
was  converted  into  electromagnetic  radiation.  A  large  supply  of  ultraviolet  and 
X-ray  photons  was  created  that  by  photodissociating  and  photoionizing  hydrogen 
molecules  may  have  reversed  the  collapse  and  inhibited  the  collapse  of  other 
objects. 

In  the  absence  of  the  cooling  due  to  H2  the  succeeding  objects  must  have 
been  massive.  Nuclear  reactions  in  the  dense  cores  of  the  objects  produced 
heavy  elements  and  photons.  Photoionization  then  caused  the  re-ionization  and 
re-heating  of  the  Universe,  as  evidenced  by  the  limited  presence  of  neutral  gas  in 
the  intergalactic  medium.  The  heavy  elements  were  distributed  into  the  Universe 
by  stellar- like  winds  and  supernova-like  explosions  and  the  Universe  became 
complicated.  A  review  of  the  evolution  of  the  early  Universe  has  been  given  by 
Lepp  and  Stancil  [7]. 


3.  Photoionized  nebulae 

Hot  stars  are  sources  of  ultraviolet  radiation  which  create  around  them  ionized 
zones,  manifested  as  extended  regions  of  luminosity.  Photoionization  also  pro¬ 
duces  visible  emission  from  planetary  nebulae,  nova  shells,  starburst  galaxies  and 
active  galactic  nuclei  [8].  Photoionization  by  photons  of  frequency  1^  emitted  by 
the  central  stars 

(3.1)  +  (E) 

produces  positive  ions  together  with  electrons  of  energy  E  =  hu  - where  Ix  is 
the  ionization  potential  of  the  system  X.  The  fast  electrons  ej  collide  elastically 
with  the  ambient  electrons  ea 
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(3.2)  ey  +  6a  — >  e  +  e 

and  a  Maxwellian  velocity  distribution  is  quickly  established.  For  emission  neb¬ 
ulae  and  planetary  nebulae,  temperatures  may  range  from  5000  K  to  15000  K. 
The  hot  electrons  excite  the  constitutents  of  the  ionized  gas  and  produce  char¬ 
acteristic  spectra  from  which  the  electron  densities  and  temperatures  and  the 
element  abundances  can  be  inferred  [9]. 

The  spectra  are  recombination  spectra  produced  in  the  radiative  and  dielec- 
tronic  recombination  of  the  ions  and  electron  impact  emission  spectra  produced 
by  collisional  excitation.  There  may  be  present  also  emission  lines  arising  from 
charge  transfer  recombination  of  heavy  ions  which  occurs  if  neutral  gas  is  present 
in  the  plasma.  An  example  of  charge  transfer  recombination  is  the  process 

(3.3)  0^+  +  H  0^+'  +  H+ 

which  leads  to  several  emission  lines  near  300  nm  and  one  at  559.2  nm.  All  of 
them  have  been  detected  in  planetary  nebulae  [10]. 


4.  Collisionally-ionized  gas 

Hot  gas  in  which  collisions  are  energetic  enough  to  cause  ionization  is  found  in 
the  coronae  of  stars  including  the  Sun,  in  young  supernova  remnants  and  in  the 
hot  phase  of  the  interstellar  medium.  The  ionization  by  collisions  is  balanced  by 
radiative  and  dielectronic  recombination.  If  the  plasma  is  in  a  steady  state,  it 
is  said  to  be  in  coronal  equilibrium.  The  rates  of  ionization  and  recombination 
are  both  proportional  to  the  electron  density  and  are  both  functions  of  tempera¬ 
ture.  Thus  in  coronal  equilibrium,  the  distributions  of  ionization  stages  depend 
only  on  temperature.  The  presence  of  the  gas  is  indicated  by  emission  lines  of 
highly  ionized  material  produced  by  electron  impact  excitation  and  dielectronic 
recombination  and  by  absorption  lines  in  the  direction  of  hot  stars.  Thus  the 
supernova  remnant  Puppis  A  emits  strong  lines  of  0^*^  and  Ne^"^  [11]  and  the  hot 
phase  of  the  interstellar  medium  is  suggested  by  the  detection  of  absorptions  at 
103.2  nm  and  103.8  nm  by  0^“^  in  the  transitions  -  ^-^3/2  ^1/2  ~  ^A/2 

respectively  [12].  The  hot  gas  may  be  the  result  of  overlapping  fossil  supernova 
remnants. 

If  charge  transfer  recombination  of  highly-ionized  species  occurs  preferentially 
into  the  ground  state  of  the  parent,  charge  transfer  ionization 

(4.1)  +  y+  ->  +  y 

may  occur  more  rapidly  than  electron  impact  ionization 

(4.2)  +  e  +  e  +  e. 

Examples  are  Si"^  +  H"'"  ,  +  He+  [13]  and  Fe"*"  4-  H"*"  [14]. 
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5.  Shock  wave  ionization 

Shock  waves  occur  in  compressible  fluids  when  the  pressure  gradients  are  suf¬ 
ficient  to  generate  supersonic  motion.  Because  information  about  the  pressure 
disturbance  cannot  propagate  upstream  faster  than  the  velocity  of  sound,  the 
fluid  cannot  respond  before  the  shock  arrives.  The  shock  compresses  and  heats 
the  fluid.  Depending  on  the  shock  velocity,  the  shocked  gas  may  be  excited, 
dissociated  and  ionized.  The  subsequent  recombinations  and  emissions  produce 
photons  which  dissociate  and  ionize  the  gas  ahead  and  behind  the  shock..  This 
precursor  radiation  modifies  the  dynamical  and  thermal  evolution  of  the  gas. 
Any  magnetic  fields  that  are  present  can  have  a  substantial  influence.  Shocks 
may  be  preceded  by  magnetic  precursors,  compressing  and  heating  the  gas  ahead 
and  behind  the  shock  front. 

Shocks  are  ubiquitous  in  astrophysics.  In  the  interstellar  medium,  they  are 
driven  by  supernova  explosions,  by  stellar  winds  and  by  outflows  from  protostel- 
lar  objects. 

Detailed  calculations  have  been  carried  out  of  the  spectra  resulting  from 
the  shocked  gas  in  supernova  remnants  where  shocks  with  velocities  of  several 
hundred  km  s"^  occur  and  the  shocked  gas  attains  temperatures  of  the  order  of 
10®  K.  The  spectra  of  the  cooling  recombining  gas  can  be  analyzed  to  infer  the 
properties  of  the  shocked  gas  and  the  velocity  of  the  shock  [15]. 

Slower  shocks  may  be  non-dissociative  in  which  the  molecules  present  in  the 
pre-shock  gas  survive  or  dissociative,  in  which  case  H2  is  destroyed  by  electron 
collisions  [16] 


(5.1)  e+H2  e  +  H2(6^S+) 

->  e-f-H  +  H 

and  other  molecules  are  destroyed  by  exchange  reactions  such  as 

(5.2)  CH  +  H^C4-H2. 

There  are  substantial  differences  between  dissociative  and  non-dissociative 
shocks  [17, 18, 19].  In  non-dissociative  shocks  the  heated  gas  enables  endothermic 
reactions  to  proceed  and  the  ionization  structure  is  profoundly  altered.  The 
ions  that  are  the  major  ionization  carriers  in  the  diffuse  pre-shock  gas  are 
converted  to  CH"^  ions  by  the  endothermic  reaction 

(5.3)  C+-hH2  -^  CH+  +  H, 

providing  an  additional  source  of  CH+  and  reducing  the  electron  density  because 
of  the  rapid  removal  of  CH+  by  dissociative  recombination  [19,  21].  In  dissocia¬ 
tive  shocks,  substantial  abundances  of  molecular  ions  OH+,  SO+  and  HeH+  can 
be  achieved  [22].  The  SO"*"  ion  has  been  detected  in  many  astrophysical  sources 
[23]  but  it  is  also  abundant  in  PDRs  [24],  which  I  describe  next. 


Atomic  and  molecular  processes  in  astrophysical  plasmas 


29 


6.  PDRs  and  XDRs 

Photon-dominated  regions  (PDRs),  also  described  as  photodissociation  regions 
[25],  are  regions  of  interstellar  gas  subjected  to  intense  ultraviolet  radiation. 
Molecular  formation  is  driven  by  photoionization  and  molecular  destruction  is 
driven  by  photodissociation.  The  enhanced  photoionization  and  photo  dissocia¬ 
tion  heats  the  gas  and  produces  a  boundary  zone  in  which  the  temperature  is 
elevated.  The  chemistry  is  then  similar  to  that  in  the  immediate  post-shock  gas 
following  a  non- dissociative  shock.  The  increase  in  the  production  of  ions 
enhances  the  abundance  of  CH"^  through  the  reaction  (5.3)  and  of  CO“^  through 
the  sequence 

(6.1)  0  +  H2-^0H-|-H, 

which  becomes  efficient  in  warm  gas,  and 

(6.2)  C+  +  OH->CO++  H. 

The  presence  of  rotationally-excited  CH**"  [26]  and  of  the  ion  CO"^  [27,  28]  are 
strongly  suggestive  of  PDR’s  but  they  are  also  present  in  dissociative  shocks  [22]. 

XDR’s  are  X-ray  dominated  regions  in  which  gas  is  subjected  to  intense  X- 
ray  irradiation  [29].  Close  to  an  X-ray  source,  energetic  electrons  generated  by 
X-ray  absorption  destroy  molecules  and  ionize  hydrogen  and  helium.  The  high- 
frequency  X-rays  are  preferentially  absorbed  by  heavy  elements  in  inner  shell 
transitions  followed  by  Auger  decays.  The  resulting  plasma  is  hot.  It  contains 
highly  charged  atomic  systems  mixed  with  a  substantial  neutral  component  of 
hydrogen  and  helium.  Charge  transfer  recombination  processes  are  important  in 
determining  the  distribution  of  the  charge  states. 

With  increasing  distance  from  the  source  of  X-rays,  the  plasma  cools  and 
molecules  form  in  the  warm  gas  by  mechanisms  similar  to  those  operating  in 
cooling  shocked  gas  [30,  31].  Evidence  to  support  this  scenario  is  provided  by  the 
observations  of  Phillips  and  Lazio  [32]  who  detected  emission  from  HCO+  offset 
from  a  probable  hard  X-ray  source  near  the  Galactic  center.  Their  interpretation 
is  supported  by  a  detailed  model  [33]. 


7.  Supernova  ejecta  i 

A  supernova  occurs  when  the  iron  core  of  a  massive  star  collapses  and  the  re¬ 
bound  shock  drives  an  explosion  leaving  behind  a  neutron  star.  Supernova  ejecta 
are  powered  by  the  radioactive  decay  initially  of  ^^Ni  to  ^^Co  and  ^®Co  to  ^^Fe. 
The  ^^Co  has  a  half-life  of  77  days.  For  SN  1987A  it  has  been  overtaken  as  an 
energy  source  by  ^^Co,  ^^Ti  and  ^^Na.  Today  the  main  energy  source  of  the 
continuing  luminosity  are  the  positrons  from  the  decay  of  Ti,  the  7-rays  es¬ 
caping  with  little  interaction  with  the  now  diffuse  gas.  The  radioactive  decays 
emit  7-rays  and  positrons.  The  7-rays  Compton  scatter  with  the  bound  and  free 
electrons  and  are  degraded  to  X-rays.  The  X-rays  are  absorbed  by  the  heavy 
elements,  producing  multicharged  ions.  The  plasma  is  initially  hot  but  it  cools 
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rapidly  as  the  ejecta  expand  and  energy  is  lost  by  radiation.  Radiative  and  dielec- 
tronic  recombination  remove  the  highly  charged  ions.  Once  recombination  has 
produced  neutral  helium,  charge  transfer  recombination  occurs  producing  singly 
charged  ions.  The  singly  charged  ions  then  undergo  charge  transfer  processes 
such  as 

(7.1)  0+  +  C  ->  0  +  C+ 

resulting  in  an  ionization  distribution  dominated  by  ions  such  as  Co"^  and  Fe+ 
that  have  low  ionization  potentials  and  which  are  slowly  recombining  by  radiative 
recombination. 

The  molecular  ion  H  J  may  be  present  in  the  envelope.  Two  emission  features 
at  3.41  fim  and  3.53  //m  have  been  tentatively  attributed  to  [34].  The 
chemistry  is  similar  again  to  that  of  the  early  Universe  but  the  ionization  is 
provided  by  7-rays.  A  successful  model  of  the  chemistry  has  been  constructed 
[5]. 


8.  Interstellar  clouds 

Interstellar  clouds  are  concentrations  of  gas  in  which  the  cloud  constituents  have 
a  common  mean  velocity.  They  are  classified  as  diffuse,  translucent  and  dense. 
A  diffuse  cloud  is  a  cloud  through  which  the  interstellar  radiation  penetrates  and 
a  dense  cloud  is  one  in  which  the  radiation  is  excluded  by  grains.  A  translucent 
cloud  shares  the  characteristics  of  diffuse  and  dense  clouds  and  is  intermediate 
in  column  density. 

The  ionization  in  diffuse  clouds  arises  from  photoionization  and  all  elements 
with  ionization  potentials  less  than  that  of  atomic  hydrogen  are  fully-ionized. 
There  is  additional  ionization  by  cosmic  rays.  The  diatomic  molecules  CH,  CH+, 
CN,  C2,  H2,  CO  and  OH  have  been  detected  in  diffuse  clouds.  The  origin  of  the 
CH'^'ions  is  not  yet  established  but  appears  to  involve  local  regions  of  heated  gas 
in  which  the  reaction  (5.3)  which  is  endothermic  by  0.4  eV  can  proceed.  The 
characteristic  temperature  of  a  diffuse  cloud  is  70  K. 

Dense  clouds  are  ionized  by  galactic  cosmic  rays.  In  dense  clouds,  the  hydro¬ 
gen  is  largely  in  molecular  form  and  ionization  is  initiated  by 

(8.1)  CR  +  H2^H+  +e 
followed  immediately  by 

(8.2)  H+  +  H2  ^  H+  -h  H. 

The  molecular  ion  has  recently  been  detected  in  the  interstellar  gas  by  ab¬ 
sorption  of  radiation  from  stars  with  strong  infrared  emission  [38,  39,  40]. 

Ion  molecule  chemistry  is  initiated  by  proton  transfer  reactions  such  as 

(8.3)  0  +  H+  OH+  +  H2. 
followed  by  abstraction  reactions 
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(8.4)  0H+  +H2^H20+  +H 

(8.5)  H2O+  +  H2  ^  H3O+  +H 

The  ion  HsO"*"  does  not  react  with  H2  and  instead  undergoes  dissociative  recom- 
bination 

(8.6)  HsO^  +  e  ->  H2O  +H 

^  OH  +H2 
OH  +H-fH 
O  +H2  +  H. 

The  branching  ratios  are  crucial  ingredients  of  the  chemistry.  They  have  been 
measured  recently  using  a  heavy  ion  storage  ring  [36]. 

Together  with  contributions  from  grain  chemistry,  elaborate  models  have 
been  constructed  but  no  entirely  satisfactory  representation  of  the  abundances 
of  the  more  than  one  hundred  distinct  molecular  species  that  have  been  detected 
has  been  obtained  [37]. 

The  ion-molecule  chemistry  of  the  interstellar  gas  is  based  upon  positive  ions 
from  cosmic  rays  but  recently  a  detection  has  been  reported  of  a  negative  ion  Cf 
and  it  has  been  proposed  that  Cf  and  other  carbon  chain  ions  may  be  responsible 
for  the  diffuse  interstellar  absorption  bands  [41].  The  negative  ions  are  made  by 
radiative  attachment 

(8.7)  C7  +  e  Cy  T 
and  destroyed  by  photo  detachment 

(8.8)  Cy  T  u  — y  C7  H~  e, 
associative  detachment 

(8.9)  Cj  +  H->C7H-f  e 

(8.10)  Cy  T  0  — y  C7O  T  6 
and  mutual  neutralization 

(8.11)  Cy  +  — y  C7  +  Xy 

where  X"*"  is  any  positive  ion  and  the  final  state  C7  may  be  dissociated.  Cal¬ 
culations  suggest  that  if  large  molecules  are  indeed  present  in  abundance  in 
interstellar  clouds,  a  significant  fraction  of  them  will  be  anions.  The  molecular 
composition  will  be  modified  because  mutual  neutralization  replaces  dissocia¬ 
tive  recombination  as  the  charge  removal  process  [42].  However,  no  quantitative 
explanation  has  yet  been  advanced  for  substantial  abundances  of  large  neutral 
molecules  [43]. 
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A  review  of  plasma  processes  involved  in  silicon  device  fabrication  is  presented  in  this  paper.  An 
example  of  plasma-assisted  deposition  processes  for  oxynitride  thin  film  elaboration  is  presented 
in  the  first  part  of  the  paper.  In  the  second  part  of  the  paper,  silicon  and  dielectric  etch  processes 
are  discussed  and  emphasis  is  put  on  the  key  issues  which  need  to  be  solved  in  the  near  future. 
In  the  last  part  of  the  paper,  the  applications  of  plasma  processes  for  advanced  lithography 
techniques  will  also  be  discussed. 


1.  Introduction 

Approximately  40%  of  the  steps  in  the  fabrication  of  microelectronic  devices 
use  plasma  processes.  Applications  in  many  new  technological  areas  (surface 
modification,  cleaning,  sterilization,  sputter  coating,  and  many  other  areas)  are 
growing  based  on  developments  made  for  the  processing  of  microelectronics  ma¬ 
terials.  Fundamental  understanding  of  plasma  processes  is  still  insufficient  to 
have  a  clear  picture  of  all  the  phenomena  involved  in  the  plasma  environment 
and  during  its  interaction  with  a  substrate. 

Plasmas  are  involved  in  many  key  technological  steps  for  device  fabrication. 
In  particular,  High  Density  Plasmas  (HDP)  are  very  largely  used  for  silicon-based 
dielectric  film  deposition  and  for  films  of  recent  interest  with  lower  dielectric 
constant.  High  density  plasmas  are  particularly  well  adapted  for  Ultra  Large 
Scale  Integration  Technology  (ULSI)  due  to  their  capability  to  fill  high  aspect 
ratio  topography [1]. 
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Since  its  introduction  in  the  1970s,  plasma  etching  has  become  an  integral 
part  of  semiconductor  integrated-circuit  processing.  It  is  now  the  method  of 
choice  for  fine-line  pattern  definition,  selective  processing  over  topography  and 
resist  stripping.  The  difficulty  of  plasma  etching  processes  scales  inversely  with 
the  dimension  of  the  structures  to  be  defined  [2,  3].  When  entering  in  the  sub 
0.1  ^m  regime,  a  number  of  complex  phenomena,  brought  about  by  the  difference 
in  directionality  between  electrons  and  ions  in  the  plasma,  become  crucial  for 
process  optimization. 

In  this  paper  we  will  give  a  brief  overview  of  plasma  processes  for  thin  film 
deposition,  for  advanced  etching  applications  and  for  advanced  lithography  tech¬ 
niques. 


2.  New  trends  in  plasma- assisted  chemical  vapor  deposition 


Five  principal  types  of  silicon-based  thermal  and  plasma  chemical  vapor  depo¬ 
sition  (CVD)  dielectric  materials  are  currently  used  in  Integrated  Circuit  (IC) 
fabrication:  silicon  dioxide,  silicon  nitride,  silicon  oxynitride,  phosphorous-doped 
silicon  oxide  (PSG)  and  boron/phosphorous-doped  silicon  oxide  (BPSG).  The 
properties  of  these  films  can  be  adjusted  to  achieve  desirable  functions.  In  this 
article  we  will  briefly  mention  the  key  applications  where  plasmas  can  be  used 
in  the  deposition  of  dielectric  materials  in  the  microelectronic  industry  and  give 
more  details  on  the  deposition  of  plasma  deposited  antireflective  layers  based  on 
oxynitride  films  for  advanced  lithographic  applications. 

For  microelectronics  applications,  the  plasma  deposition  processes  of  interest 
are  conventional  Plasma  Enhanced  CVD  (PECVD)  techniques,  remote  PECVD 
and  High  Density  Plasma  CVD  (HDP  CVD).  A  recent  review  by  Lucowsky 
covers  the  evolution  of  low- temperature  remote  plasma-assisted  deposition  for 
device  quality  silicon  dioxide  and  silicon  nitride  thin  films  [4].  Remote  PECVD 
differs  from  conventional  PECVD  in  that  the  substrate  is  not  subjected  to  ion 
bombardment  by  the  plasma.  Process  gases  can  either  be  introduced  into  the 
plasma  region  or  downstream  from  the  plasma,  causing  substantial  differences 
on  the  final  characteristics  of  the  deposited  film. 

In  plasma  CVD,  the  plasma  energy  supplied  by  an  external  rf  source  gen¬ 
erates  species  that  can  react  and  deposit  on  substrate  surfaces.  The  excessive 
heating  that  occurs  during  a  conventional  CVD  process  can  be  avoided  by  us¬ 
ing  plasma  electron  kinetic  energy  instead  of  thermal  energy.  Besides  this  key 
aspect  of  generating  reactive  species  at  lower  processing  temperatures,  the  ion 
bombardment  can  be  used  to  tune  the  film  properties.  Film  properties  can  be 
tuned  by  varying  deposition  parameters  such  as  temperature,  rf  power,  pressure, 
reactant  gas  mixture  ratio,  and  type  of  reactant. 

One  new  field  growing  extremely  fast  is  the  deposition  of  Si02  using  High 
Density  Plasmas  (HDP  CVD).  The  first  application  of  HDP  CVD  Si02  is  Shalow 
Trench  Isolation  (STI)  to  ensure  the  isolation  between  transistors  instead  of  using 
the  traditional  Local  Oxydation  of  Silicon  (LOCOS)  [5].  The  HDP  CVD  tech¬ 
nique  is  particularly  well  suited  for  this  application,  requiring  the  deposition  of 
very  dense  oxide  in  structures  with  aspect  ratios  (ratio  of  the  depth  to  the  width 
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of  a  Structure)  as  high  as  4:1.  HDP  CVD  Si02  is  also  used  as  an  Intermetal  Di¬ 
electric  (IMD)  in  the  fabrication  of  interconnections.  One  parameter  becoming 
increasingly  important  for  interconnect  fabrication  is  the  dielectric  constant  {k) 
of  the  IMD  material.  Use  of  a  material  having  a  lower  dielectric  constant  leads 
to  lower  total  capacitance,  decreasing  the  interconnection  delay  and  power  dis¬ 
sipation  and  thus  enhancing  performance.  The  dielectric  constant  of  HDP  CVD 
oxide  is  typically  4.1  to  4.2.  New  IMD  materials  are  currently  being  deposited 
using  the  HDP  CVD  technique,  including  amorphous  carbon  and  fluorinated 
carbon  films,  because  of  their  low  dielectric  constants  (2.1  to  2.3)  and  thermal 
stability  up  to  400® C  [6]. 

Finally,  plasma  deposited  films  can  be  used  for  advanced  lithography  ap¬ 
plications.  Lithography  is  the  critical  step  that  defines  the  minimum  transitor 
dimensions.  These  dimensions  can  be  reduced  by  decreasing  the  illumination 
wavelength.  However,  at  shorter  wavelengths,  increased  substrate  reflectivity 
causes  undesired  light  reflections  to  become  critical.  During  the  exposure  of  a 
photosensitive  resist,  light  reflection  from  previously  patterned  layers  is  also  a 
source  of  reflected  light.  The  irregular  topography  of  the  substrate  causes  un¬ 
desired  variations  in  the  exposure  energy  and  consequently  in  the  shape  of  the 
photoresist.  Antirefiective  layers  (ARLs)  are  widely  used  to  overcome  these  prob¬ 
lems.  Two  types  of  antirefiective  materials  are  available,  organic  and  inorganic. 
The  former  are  easily  spin  coated,  but  their  planarizing  properties  (capability 
of  smoothing  the  topography  at  the  wafer  surface)  make  them  difficult  to  use 
efficiently.  The  latter  presents  the  advantage  of  conformal  deposition  (same 
thickness  deposited  everywhere  on  the  wafer  even  in  the  presence  of  topogra¬ 
phy)  and  only  thin  films  are  needed  because  of  their  high  optical  absorbance. 
One  of  the  most  promising  candidates  for  inorganic  ARL  is  silicon  oxynitride 
(SiO^Ny)  [7].  One  advantage  of  this  material  is  the  low  deposition  temperature. 
Its  composition  can  be  varied  from  Si02  to  SiOo.2No.8  to  optimize  its  optical 
properties  with  respect  to  the  exposure  wavelength  and  the  substrate.  High 
Density  Plasmas  at  low  deposition  temperature  can  be  used,  with  SiH4  and  N2O 
as  gas  precursors  [8].  Fig.  1  gives  an  example  of  the  the  refractive  index  of  the 
SiOajNy  films  obtained  as  a  function  of  the  N20/SiH4  ratio.  Several  compositions 
and  therefore  different  gas  mixtures  can  provide  films  with  the  required  optical 
constants.  Controlling  the  N20/SiH4  ratio  is  a  very  simple  way  of  adjusting 
the  composition  of  the  material  to  meet  the  requirem^^nts  of  an  optimum  ARL, 
depending  on  the  underlying  stack  of  layers.  The  efficiency  of  SiOa;Ny  layers 
is  illustrated  by  the  Scanning  Electron  Microscope  (SEM)  image  of  Fig.  2.  A 
0.25  /im  line  stepping  down  from  a  thick  oxide  area  (bottom  of  the  picture)  to 
the  active  area  was  printed  with  248  nm  illumination.  The  step  height  is  200  nm 
with  a  slope  angle  of  around  45®.  The  line  with  no  underlying  ARL  in  Fig.  2(a) 
broadens  due  to  the  reflection  of  light  at  the  resist/substrate  interface  on  the 
sloped  step.  In  this  case,  the  negative  photoresist  absorbs  increased  exposure 
energy  since  it  receives  light  coming  from  above  as  well  as  that  reflected  from 
the  step.  The  SiOa^Ny  film  reduces  the  reflection  coefficient  to  a  few  percent  and 
thus  virtually  eliminates  the  parasitic  light  reflection  from  the  substrate.  The 
line  in  Fig.  2  (b)  is  straight  and  shows  no  broadening  from  local  over-exposure 
of  the  resist. 
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N20/SiH4  ratio 

FIG.  1.  Refractive  index  (real  and  imaginary  parts)  of  SIO^Ny  materials  at  248  and  365  nm 

for  different  N20/SiH4  ratio. 


FIG.  2.  SEM  micrograph  of  a  25  fxm  polysilicon  gate  stepping  down  from  thick  isolation  oxide 
to  active  area,  a)  without  Anti  Reflective  1  yer,  b)  with  SiOajNy  ARL. 


3.  New  trends  in  plasma  etching 

Etch  requirements  depend  on  the  materials  and  process  schemes  used  to  con¬ 
struct  the  transistors,  DRAM  memory  cells  and  interconnects  that  comprise 
integrated  circuits  (IC).  In  semiconductor  manufacturing,  this  concerns  three 
basic  categories  of  materials:  polysilicon  (including  silicides  and  polycides),  di¬ 
electrics  and  metals.  In  general,  the  requirements  for  each  of  these  materials  are 
well  defined  and  predictable  for  each  new  IC  generation. 

In  polysilicon  etching,  the  main  application  is  the  transistor  gate  region, 
which  requires  etching  through  a  gate  stack  to  stop  on  a  very  thin  gate  Si02 
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layer.  The  selectivity  with  respect  to  the  gate  oxide  is  critical  and  requires  the 
development  of  complicated  recipes  to  minimize  damage  to  the  Si02  layer  while 
maintaining  the  critical  dimension  (CD)  control  (the  critical  dimension  is  the 
final  dimension  targeted  including  the  lithography  step  and  transfer  into  the 
polysilicon  gate  layer)  . 

Dielectric  etch  applications  are  the  most  challenging  processes  in  ULSI  tech¬ 
nologies,  due  to  the  combination  of  the  complexity  of  structures  to  be  etched  and 
the  trade-off  between  opening  high  aspect  ratio  structures  and  obtaining  high 
etch  selectivities  between  the  dielectric,  silicon  and  silicon  nitride.  Furthermore, 
a  new  category  of  materials  with  low  dielectric  constants  need  to  be  integrated 
into  standard  processes,  opening  a  new  field  of  investigation  in  plasma  etching. 

In  this  section,  the  etching  mechanisms  for  silicon  and  dielectrics  will  be  dis¬ 
cussed  with  reference  to  results  and  performance  obtained  in  industrial  etchers. 


3.1.  Gate  patterning  in  High  Density  Plasmas 

In  polysilicon  etching  the  main  application  is  the  formation  of  the  transistor  gate 
region  which  requires  the  etching  of  a  silicide/polysilicon  sandwich  which  must 
stop  on  a  very  thin  gate  oxide.  Selectivity  to  the  gate  oxide  is  critical  since  only 
minimal  amounts  of  oxide  loss  can  be  tolerated.  The  challenge  will  continue  to 
be  critical  dimension  (CD)  control  while  maintaining  selectivity  and  integrity  of 
the  gate  oxide. 

Polysilicon  gate  etching  is  achieved  in  high  density  plasma  (HDP)  etching 
tools  such  as  the  LAM  TCP,  the  Applied  Materials  Decoupled  Plasma  Source 
(DPS)  system  or  Inductively  Coupled  Plasma  sources  excited  by  Helicon  waves 
[9,  10,  11,  12].  The  parameter  which  has  the  strongest  influence  on  the  design  of 
a  gate  etch  recipe  is  the  thickness  of  the  gate  oxide.  For  0.25  fim  design  rules,  the 
gate  oxide  thickness  is  between  4  and  5  nm  whereas  it  decreases  to  3.5  to  4  nm  for 
0.18  fim  design  rules  and  to  1.5  nm  for  sub  0.12  ^m  gates.  The  development  of 
a  polysilicon  gate  etch  process  on  ultra-thin  gate  oxide  requires  the  combination 
of  appropriate  etch  chemistry  [9,  10,  11,  12]  (usually  HBr/Cls/Os  gas  mixtures), 
the  design  of  a  good  recipe  (i.e.  the  combination  of  several  different  plasma 
etching  steps)  and  a  precise  end  point  detection  method  allowing  the  arrival  at 
the  gate  oxide  to  be  monitored. 

One  major  issue  associated  with  the  design  of  etching  recipes  is  the  ’’trench¬ 
ing”  effect,  induced  by  the  reflection  of  ions  by  the  sidewalls  of  the  features,  which 
induces  an  increase  of  the  etching  rate  of  polysilicon  at  the  edges  of  the  gate  [13]. 
Trenching  causes  defects  at  the  edges  of  the  polysilicon  gate  (see  Fig.  3).  Trans¬ 
fer  of  this  trenching  into  the  gate  oxide  can  be  minimized  by  decreasing  the  ion 
energy,  which  decreases  the  amplitude  of  the  trenching,  and  by  adjusting  the 
chemistry  to  increase  the  polysilicon/Si02  selectivity  [14]. 

The  most  critical  issue  for  gate  etching  is  to  preserve  the  thin  gate  oxide 
and  simultaneously  maintain  the  critical  dimension  (CD)  defined  by  the  lithog¬ 
raphy  step  while  optimizing  an  anisotropic  etching  process.  Several  studies  have 
already  shown  that  straight  polysilicon  sidewalls  are  obtained  if  a  ’’passivation 
layer”  builds  up  on  the  sidewalls  as  the  etching  proceeds  [12,  14].  The  proposed 
mechanism  is  that  the  ion  bombardment  sputters  SiOa;-based  products  from  the 


40 


O.  Joubert  et  al. 


Fig.  3.  Damage  observed  at  the  edges  of  polysilicon  gates  etched  using  a  process  developed 
in  a  LAM  TCP  system  using  HBr/Cl2/02  mixtures.  SEM  observations  were  made  after 
stripping  of  the  mask  and  removal  of  the  gate  oxide  in  a  HF  bath. 


bottom  of  the  trench,  which  are  in  turn  deposited  on  the  sidewalls  of  the  polysil¬ 
icon  gate.  The  thickness  of  the  sidewall  passivation  layer  is  dependent  on  the  O2 
concentration  in  the  gas  phase  when  using  HBr/Cl2/02  gas  mixtures. 


3.1.1.  Thin  gate  oxide  behavior  during  plasma  treatment 

It  has  also  been  shown  recently  that  when  very  thin  gate  oxides  are  used,  polysil¬ 
icon  etch  processes  may  induce  some  ’’damage”  of  the  underlying  bulk  silicon 
[15].  When  exposed  to  an  HBr/02  plasma  for  example,  which  is  the  most  pop¬ 
ular  chemistry  used  in  the  microelectronics  industry  for  gate  patterning,  very 
thin  oxides  get  thicker.  By  combinining  real-time  and  spectroscopic  ellipsom- 
etry  [16],  and  quasi  in-situ  X  Ray  Photoelectron  Spectroscopy  analysis  (XPS) 
[17],  it  has  been  shown  that  very  thin  gate  oxide  structures  are  strongly  affected 
during  plasma  treatment.  When  the  etching  process  is  monitored  by  real  time 
ellipsometry  an  unexpected  signature  of  the  ellipsometric  angle  A  is  observed  at 
the  end  of  the  process,  which  indicates  that  the  gate  oxide  is  getting  thicker.  A 
procedure  based  on  XPS  analyses  to  determine  the  Si02  thicknesses  [17],  also 
confirms  that  gate  oxides  axe  getting  thicker  during  the  etching  process.  This 
phenomenon  has  been  carefully  analyzed  by  exposing  thin  blanket  oxides  with 
different  thicknesses  to  O2  and  H2  plasmas  and  by  evaluating  the  oxide  thickness 
before  and  after  plasma  treatment  by  spectroscopic  ellipsometry  (SE)  and  XPS 
measurements.  Fig.  4  shows  as  an  example,  the  real  time  ellipsometric  record¬ 
ings  of  blanket  oxides  with  thicknesses  ranging  between  18  and  62  A  exposed  to 
a  pure  O2  plasma  (using  operating  conditions  close  to  real  process  conditions). 
The  decrease  in  A  observed  for  oxides  thinner  than  45  A  indicate  that  the  thin 
oxide  has  grown  under  O2  plasma  exposure.  These  results  show  that  oxygen 
species  diffuse  through  thin  gate  oxides  (<  50l)  and  induce  oxidation  of  the 
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Time  (s) 

FIG.  4.  Kinetic  variation  of  the  ellipsometric  angle  A  recorded  at  1.96  eV  on  several  blanket 
oxides  during  oxygen  plasma  treatment. 


bulk  Si  substrate,  leading  to  the  observed  increase  in  gate  oxide  thickness.  The 
final  oxide  thickness  after  O2  plasma  exposure  was  also  measured  by  SE  and 
XPS.  The  two  measurements  are  in  very  good  agreement  (see  Table  1). 


Table  1.  Si02  thickness  determined  by  spectroscopic  ellipsometry  and  X-ray 
photo  electron  spectroscopy  before  and  after  oxygen  plasma  treatment 


Before  treatment  (nm) 
XPS  and  SE 

After  treatment  (nm) 

XPS 

SE 

1.8 

3.8 

3.7 

3.1 

3.8 

3.7 

4.5 

5.3 

5.3 

6.2 

6.6 

6.1 

Similar  results  are  obtained  after  exposing  thin  oxides  to  a  pure  hydrogen  plas> 
mas.  The  results  indicate  that,  although  the  H2  plasma  treatment  only  slightly 
modifies  the  Si02  thickness,  it  strongly  affects  the  bulk  Si  substrate  by  inducing 
partial  amorphization.  It  was  found  that  the  thinner  the  oxide  before  treatment, 
the  thicker  the  perturbed  layer  induced  by  the  H2  plasma  treatment.  It  has  also 
been  suggested  that  this  perturbed  layer  originates  from  hydrogen  plasma  active 
species  penetration,  either  by  implantation  or  by  diffusion,  through  the  thin  gate 
oxide  layer. 

Experiments  carried  out  at  different  bias  power  have  indicated  that  these 
phenomena  are  only  observed  when  significant  bias  power  is  applied  to  the  wafer. 
When  the  wafer  is  left  floating,  no  gate  oxide  growth  is  observed.  This  highlights 
the  influence  of  the  sheath  electric  field  on  the  gate  oxide  perturbation,  further 
indicating  that  ion  implantation  may  be  responsible  for  the  phenomena  reported. 
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3.1.2.  Charging  effects 

A  large  category  of  etching  anomalies  [18,  19]  can  be  related  to  charging  of  mi¬ 
crostructures.  Local  electric  fields  form  as  a  result  of  microstructure  charging 
brought  about  by  the  different  directionality  of  the  fluxes  of  ions  and  electrons. 
During  the  initial  stages  of  the  etching,  the  bottom  of  the  etched  features  charges 
up  positively  while  the  upper  sidewall  and  resist  mask  charge  up  negatively.  As 
the  positive  potential  at  the  trench  bottom  increases,  ions  are  deflected  towards 
the  sidewall  of  the  trench.  The  best  example  of  charging  induced  anomaly  is  the 
notching  effect,  where  a  narrow  groove  (the  notch)  opens  in  a  conductive  ma¬ 
terial  at  the  interface  with  the  underlying  insulating  material  (see  Fig.  5).  The 


Fig.  5.  Polysilicon  gate  etched  in  a  high  density  plasma  etch  tool.  The  distortion  in  profile 
observed  at  the  bottom  of  the  gate  is  attributed  to  ions  deflected  at  the  bottom  of  the  gate  by 

chaxging  effects. 

notch  occurs  perpendicularly  to  the  normal  ion  direction  and  appears  mainly 
during  the  overetch  step  in  high  density  plasma  tools.  Recent  simulation  studies 
indicate  that  notching  is  due  to  etching  of  the  poly-Si  sidewall  foot  by  energetic 
ions  that  get  deflected  and  accelerated  towards  it  [20,  21].  The  sidewall  foot  is 
precisely  the  location  along  the  sidewall  of  the  gate  where  the  oxide-like  pas¬ 
sivation  film  is  the  thinnest  thereby  favouring  the  notch  formation  caused  by 
deflected  ion  bombardment.  Recent  interesting  studies  have  shown  that  anoma¬ 
lous  sidewall  etching  can  also  be  suppressed  in  pulsed-power  chlorine  inductively 
coupled  plasmas  [22,  23]. 


3.2.  Dielectric  etching 

The  construction  of  advanced  multilevel  interconnection  systems  has  become  the 
most  diflficult  part  of  the  process  integration  in  Integrated  Circuits  fabrication. 
Dielectric  etch  applications  represent  the  most  challenging  processes  of  ULSI 
technologies.  Standard  etch  applications  include  conventional  structures  such 
as  contact  and  vias  holes  etched  in  Si02.  In  addition,  a  key  requirement  is  the 
lowering  of  the  dielectric  constant  of  the  film,  mandatory  in  future  processes. 
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3.2.1.  Oxide  etching 

In  the  microelectronics  industry,  dielectric  etch  processes  compatible  with  indus¬ 
trial  requirements  must  be  highly  selective  to  various  types  of  underlayers  (Si, 
TiN,  TiSi2)  and  to  the  etching  mask,  while  allowing  high  yields  to  be  achieved. 
Dielectric  etching  can  be  achieved  using  high  density  plasma  sources  (induc¬ 
tively  coupled  or  microwave  driven  plasmas)  [24,  25,  26]  or  Reactive  Ion  Etching 
(RIE)  based  systems  (such  as  Magnetically  Enhanced  RIE  systems)  [27,  28]. 
The  chemistries  used  for  standard  Si02  dielectric  etch  are  based  on  fluorocarbon 
gases  such  as  C2F6,  CsFg,  C4F8,  C2H2F2  and  others,  mixed  with  additives  as 
CO,  O2,  Ar  or  H2. 

The  principle  of  selective  etching  of  Si02  versus  silicon  relies  on  the  fact 
that,  in  a  first  approximation,  fluorocarbon  gases  induce  the  deposition  of  a 
fluorocarbon  polymer  on  silicon  surfaces  while  Si02  surfaces  remain  fluorocarbon 
free.  At  the  end  of  a  contact  hole  etch  process,  when  the  silicon  surface  is  reached, 
the  fluorocarbon  polymer  grows  on  the  silicon  surface,  thereby  preventing  its 
consumption.  In  practice,  the  situation  is  more  complicated,  as  there  is  always 
a  balance  to  be  found  between  etching  and  deposition  on  Si02  surfaces.  If  the 
chemistry  used  induces  too  much  gas  phase  polymerization,  the  polymer  film 
may  also  grow  on  the  Si02  surface  leading  to  ”etch  stop”  problems.  In  recent 
years,  a  large  research  effort  has  been  focused  on  fluorocarbon  plasmas  to  obtain 
a  better  understanding  of  the  gas  phase  chemistry  and  its  impact  on  plasma 
processes  [29]. 

Studies  performed  in  commercial  high  density  plasma  tools  have  shown  that 
high  aspect  ratio  contact  holes  can  be  opened  in  thick  dielectric  layers  with 
minimal  consumption  of  underlayers  [30].  In  high  density  plasma  sources,  fluo¬ 
rocarbon  polymer  deposition  is  abundant.  Once  the  silicon  surface  is  reached, 
the  polymer  growth  starts,  its  thickness  continuously  increases  as  a  function  of 
time  allowing  a  good  protection  of  the  contacts  or  vias  bottoms.  The  polymer 
thickness  deposited  on  the  silicon  surface  at  the  bottom  of  contact  holes  increases 
with  the  aspect  ratio  of  contact  holes  (polymers  as  thick  as  2000  to  3000  A  are 
deposited  in  contact  holes  with  an  aspect  ratio  of  3  to  4) . 

Recently,  much  work  has  also  been  carried  out  in  MERIE  sytems  [31].  Using 
chemistries  such  as  C4F8/CO/Ar  gas  mixtures,  the  Si02  etching  rates  measured 
on  patterned  wafers  are  much  lower  than  in  HDP’s  (around  500  nm/min  to  be 
compared  to  more  than  1  //m/min  in  HDP’s).  However,  contrary  to  HDP’s, 
very  high  aspect  ratio  contact  holes  can  be  opened  in  thick  Si02  layers.  Fig.  6 
shows  an  example  of  0.3  /xm  contact  holes  opened  in  1.6  iim  thick  Si02  films 
demonstrating  the  capabilities  of  the  MERIE  source. 

The  differences  in  behaviour  between  HDP’s  and  MERIE  systems  are  related 
to  the  ion  current  densities  and  energies  obtained  in  both  sources  and  the  very 
different  gas  mixtures  used.  The  ion  density  estimated  in  HDP’s  is  around 
10^^  ions/cm^  whereas  it  is  an  order  of  magnitude  lower  in  MERIE  systems. 
The  seif-bias  voltages  used  are  around  200  V  and  500  V  in  the  HDP  and  MERIE, 
respectively. 

In  HDP’s,  the  thickness  and  the  F/C  ratio  of  the  polymer  deposited  in  contact 
holes  increased  with  the  aspect  ratio  whereas  the  flux  of  deposition  precursors 


44 


O.  Joubert  et  al. 


FIG.  6.  0.3  fim  contact  holes  etched  in  1.6  /^m  Si02  using  an  MERIE  source  under  standard 

process  conditions. 


is  expected  to  decrease  as  a  function  of  aspect  ratio  (due  to  shadowing  effects). 
This  phenomenon  is  attributed  to  power  density  loss  [32]  at  the  bottom  of  the 
etched  features  induced  by  charging  effects  developed  in  the  structures  as  the 
etching  proceeds.  The  ion  power  density  as  a  function  of  the  aspect  ratio  of 
contact  holes  directly  determines  the  polymerization  rate  on  Si02  surfaces  at 
the  bottom  of  contact  holes.  In  HDP’s,  very  high  source  and  bias  powers  are 
applied  to  obtain  high  ion  power  density  at  the  bottom  of  contact  holes  which 
keep  Si02  surfaces  fluorocarbon  free.  However,  for  high  aspect  ratio  contact 
holes,  in  which  ion  power  density  loss  is  important,  fluorocarbon  deposition  may 
take  place,  leading  to  the  etch-stop  phenomenon.  Furthermore,  the  very  high 
power  density  used  lead  to  a  high  resist  etching  rate  leading  in  some  cases  to  a 
distortion  of  the  shape  of  contact  holes. 

In  MERIE  sources,  the  ion  power  density  reaching  the  etched  surfaces  is 
around  five  times  smaller  than  in  the  HDP  system,  which  is  not  high  enough  to 
keep  Si02  surfaces  fluorocarbon  free  at  the  bottom  of  high  aspect  ratio  contact 
holes  but,  on  the  other  hand  favours  the  minimization  of  resist  erosion.  As  a 
consequence,  oxygen-based  species  addition  is  necessary  (O2  and  CO)  to  keep 
the  Si02  surfaces  at  the  bottom  of  high  aspect  ratio  structures  free  of  fluorocar¬ 
bon  deposition.  When  the  silicon  surface  is  reached  at  the  bottom  of  contact 
holes,  oxygen-based  species  of  the  feed  gas  stock  prevent  the  growth  of  a  thick 
fluorocarbon  polymer.  Nevertheless,  a  thin  fluorocarbon  polymer  film  grows  on 
the  silicon  surface,  mainly  formed  by  the  direct  reaction  of  fluorocarbon  ions 
with  silicon. 


3.2.2.  Etching  of  low  dielectric  constant  materials 

The  need  for  materials  with  low  dielectric  constants,  otherwise  known  as  low- 
k  materials,  arises  from  the  simple  fact  that  chip  speed  is  limited  by  both  the 
resistance  of  the  metal  line  and  by  the  capacitance  of  the  surrounding  insulator 
[33].  The  goal  of  the  push  to  low-/?  materials  is  to  reduce  capacitance  which 
helps  minimize  crosstalk  between  adjacent  metal  lines. 
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The  dielectric  constant  of  conventional  materials  (Si02  films  deposited  by 
a  variety  of  techniques)  used  in  production  range  between  4  and  4.5.  In  the 
longer  term,  the  switch  to  a  totally  new  type  of  material,  a  plastic-like  organic 
polymer  with  a  dielectric  constant  of  around  2  and  with  thermal  stability  com¬ 
patible  with  Integrated  Circuits  applications  will  become  necessary.  Switching 
to  carbon  containing  materials  will  require  new  masks  (hard  masks)  and  new 
etch  chemistries. 

Carbon-based  low-A;  dielectric  materials  are  etched  using  02-based 
chemistries.  As  later  in  the  interconnexion  fabrication  process,  the  sidewalls 
of  the  polymer  are  in  contact  with  metals,  the  sidewall  must  remain  fluorine, 
sulfur  and  chlorine  free  to  prevent  corrosion  problems.  Very  simple  chemistries 
must  be  used,  such  as  H2,  N2,  O2.  As  oxygen  containing  chemistries  are  very 
reactive  with  respect  to  carbon-based  polymers,  the  plasma  operating  conditions 
and  chemistry  must  induce  the  formation  of  a  sidewall  passivation  layer  to  pre¬ 
vent  spontaneous  etching  reactions  between  the  polymer  and  the  reactive  species 
of  the  plasma  [34].  Recent  studies  have  shown  that  this  passivation  layer  is  only 
formed  under  conditions  where  the  polymer  surface  is  ’’graphitized”  during  the 
etch  process.  The  graphitization  simply  means  that  the  polymer  structure  is 
strongly  modified  by  the  plasma.  The  graphitization  of  the  polymer  during  the 
process  is  required  to  achieve  a  good  profile  control  as  it  favors  the  formation  of 
heavy  etch  products  which  are  redeposited  on  the  sidewalls  of  the  etched  features 
allowing  the  sidewall  passivation  layer  to  be  formed  (Fig.  7).  Graphitization  of 


Sidewall 
passivation  layer 


FIG.  7.  High  aspect  ratio  contact  holes  etched  in  polymers.  The  sidewall  passivation  layer 
formed  during  the  etch  process  is  observed  in  the  higher  magnification  picture  (white  arrow). 

the  polymer  is  obtained  when  the  physical  component  of  the  etch  dominates 
the  chemical  component  of  the  etch.  This  is  achieved  by  using  oxygen  deficient 
chemistries  and  high  ion  energy  etch  conditions.  Fig.  7  shows  high  aspect  ratio 
contact  holes  etched  using  H2/N2/O2  gas  mixtures.  A  thick  passivation  layer 
has  been  formed  during  the  etch  process  from  heavy  graphitized  etch  products 
redeposited  on  the  polymer  sidewalls.  Despite  the  passivation  layer  which  pre¬ 
vents  spontaneous  etch  reactions  between  neutral  reactive  species  of  the  plasma 
and  the  polymer,  bowed  profiles  are  observed.  As  for  polysilicon  and  oxide,  the 
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deformation  of  the  etch  profile  is  attributed  to  charging  effects  deflecting  high 
energy  ions  on  the  sidewalls.  For  polymer-based  materials  with  a  low  chemical 
sputtering  threshold  (less  than  10  eV),  high  energy  ions  impinging  at  grazing 
angle  on  the  polymer  sidewall  may  generate  the  profile  deformation  observed  in 
Fig.  7.  Such  profile  deformations  are  also  observed  in  Si02.  However,  the  sput¬ 
tering  threshold  of  Si02  being  much  higher  (around  40  eV),  bowed  profiles  are 
only  observed  in  very  high  aspect  ratio  contact  holes  where  charging  effects  are 
more  important. 


4.  Plasma  processes  for  advanced  lithography  techniques 


Besides  standard  wet  resists  used  for  lithography,  much  research  has  been  focused 
on  alternative  approaches  to  obtain  resist  patterns  suitable  for  IC  fabrication. 
Various  resist  schemes  use  the  so-called  top  surface  imaging  (TSI)  technique 
where  the  UV  light  is  confined  to  a  very  thin  resist  layer,  and  the  final  image  is 
obtained,  after  transfer,  in  a  thicker  planarizing  organic  resist  [35,  36,  37]  (see 
Fig.  8).  Fig.  8  shows  a  general  scheme  of  TSI  schemes.  In  a  first  step,  the  thin 
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FIG.  8.  Top  surface  imaging  schemes  for  advanced  lithography  techniques. 

imaging  layer  can  be  spin  coated  (bi-layer  approach),  or  obtained  using  the  sily- 
lation  technique  [35]  or  plasma  deposited  [36,  37]  (CVD  resist  scheme).  After 
UV  exposure,  the  photosensitive  layer  is  developed  (by  standard  wet  approaches 
or  reactive  plasmas)  and  the  final  pattern  is  obtained  after  a  so-called  dry  devel- 
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FIG.  9.  Schematic  view  of  the  chemical  composition  of  an  as  deposited  PPMS  and  PP2MS, 
PPMS  and  PP2MS  exposed  to  UV  to  form  PPMSO  and  PP2MSO. 


opment  step  usually  performed  in  high  density  plasmas  using  mixtures  of  O2  or 
SO2/O2  [34].  This  last  step  is  common  to  all  the  top  surface  imaging  techniques 
and  consists  of  etching  a  thick  organic  resist  using  a  silicon-containing  mask.  In 
the  following,  we  will  describe  in  more  detail  the  CVD  resist  approach. 

The  CVD  resist  approach  is  an  all  dry  chemical  vapor  deposition  (CVD) 
process  based  on  plasma  polymerized  methylsilane  (PPMS)  or  plasma  polymer¬ 
ized  dimethylsilane  (PP2MS).  This  all  dry  scheme  provides  a  thin  conformal  and 
photosensitive  layer  combined  with  UV  exposure  (see  Fig.  9).  A  thin  amorphous 
film  of  Si-Si  bonded  material  is  deposited  using  plasma  enhanced  chemical  vapor 
deposition  (PECVD)  with  methylsilane  or  dimethylsilane  as  the  gas  precursor. 
Upon  UV  exposure  under  air  at  248  or  193  nm,  pWo-induced  oxidation  of  the 
CVD  resist  occurs,  generating  a  latent  image.  The  image  is  then  developed  in  a 
chlorine-based  plasma  (which  removes  the  unexposed  areas),  providing  a  nega¬ 
tive  tone  process.  This  mask  can  be  used  to  pattern  a  thick  organic  underlayer, 
this  constituting  a  general  bilevel  process.  The  photosensitivity  of  CVD  resist 
films  can  be  tuned  using  the  deposition  temperature,  gas  pressure  (methylsilane 
or  dimethylsilane),  gas  flow  in  the  chamber  and  RF  power  injected  in  the  de¬ 
position  chamber.  Typical  deposition  temperatures  are  controlled  in  the  range 
between  50  and  150^C:  a  decrease  in  deposition  temperature  leads  to  an  in¬ 
crease  in  PPMS  film  photosensitivity.  The  film  photosensitivity  is  also  found 
to  be  pressure  dependent.  RF  power  applied  to  the  chamber  primarily  affects 
the  uniformity  and  deposition  rate.  Industrial  reactors  developed  for  dielectric 
deposition  are  very  well  suited  for  this  application.  Following  exposure,  the 
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development  is  accomplished  in  a  high  density  plasma.  During  this  step,  the 
development  conditions  have  to  be  optimized  to  remove  unexposed  and  partially 
exposed  areas  while  maintaining  the  remaining  thickness  of  PPMSO  or  PP2MSO 
as  high  as  possible.  Chlorine  and  Bromine  based  plasmas  can  be  used  for  the 
dry  development  step  of  PPMS. 

The  lithographic  performances  of  PPMS  and  PP2MS  have  been  evaluated 
using  the  new  generation  193  nm  lithography  tools.  Fig.  10  shows  the  ultimate 
resolution  obtained  with  the  all  dry  PP2MS  process.  Bi-layer  PP2MS  patterns 
are  obtained  with  equal  lines  and  spaces  down  to  a  resolution  of  0.1  //m.  Under 
identical  process  conditions,  0.08  fim  bi-layer  lines  with  spaces  of  0.16  fim  can 
also  be  obtained. 


Fig.  10.  Scanning  electron  micrograph  cross-section  view  of  0.1  /im  L/S  bi-layer  PP2MS 
features  exposed  at  193  nm  under  annular  illumination  conditions. 


5.  Conclusion 

It  is  hard  to  imagine  a  more  complex  and  dynamic  environment  than  that  found 
in  plasmas.  As  integrated  circuit  dimensions  will  shrink  further  and  aspect  ra¬ 
tios  get  larger,  plasma  etch  and  deposition  processes  will  become  even  more 
complicated.  The  sucessful  development  of  these  processes  will  depend  largely 
on  a  better  understanding  of  the  plasma  itself  and  on  the  electrical,  physical  and 
chemical  phenomena  occuring  in  high  aspect  ratio  structures. 
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Soft  X-ray  sources  based  on  laser-generated  plasmas  are  very  promising  systems,  thanks  to 
their  compactness,  low  cost  and  high  efficiency.  Applications  like  microscopy,  microlithography 
and  radiobiology  have  benefited  by  their  development,  and  some  results  obtained  in  these  fields 
are  presented.  Experimental  set-ups  for  soft  X-ray  generation  will  be  shown,  and  their  perfor¬ 
mances  will  be  discussed  in  terms  of  dependence  on  several  parameters  (i.e.  laser  intensity  and 
wavelength,  target  material),  together  with  a  spectroscopic  analysis  and  an  extensive  treatment 
of  the  debris  problem. 


1.  '  Introduction 

The  exact  range  of  the  electromagnetic  spectrum  that  is  called  ”Soft  X-rays”  is 
rather  questionable.  It  derives  more  from  technical  than  from  scientific  reasons. 
According  to  [1]  it  extends  from  a  wavelength  of  about  30  nm  to  about  0.2  nm, 
that  is  with  photon  energies  ranging  from  40  eV  to  6  KeV. 

Many  fields  of  science  and  technology,  as  astrophysics,  plasma  physics,  biol¬ 
ogy,  and  microelectronics,  are  looking  at  this  electromagnetic  spectral  region  for 
pure  or  applied  research,  encouraging  the  development  of  soft  X-ray  sources. 

Laser-plasma  sources  have  recently  become  competitive  with  synchrotrons 
thanks  to  their  compactness  and  lower  cost,  and  to  the  capability  of  achieving 
high  peak  brightness  with  high  efficiency.  The  X-ray  emission  is  obtained  by 
focusing  a  high- peak-power  beam  on  a  target,  reaching  peak  intensities  typically 
ranging  from  10^°  W/cm^  to  10^^  W/cm^.  A  dense  plasma  is  created  with  di¬ 
ameter  of  10  —  100  /xm  and  a  temperature  of  10®  —  10^  K.  The  emitted  X-ray 
spectrum  and  conversion  efficiency  are  heavily  dependent  on  several  parame¬ 
ters,  as  laser  wavelength  and  intensity,  and  target  material,  so  that  laser-plasma 
sources  can  be  optimized  depending  on  the  specific  application  [2]. 
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This  paper  will  present  a  review  of  this  field,  from  the  state-of-the-art  to 
future  perspectives,  ranging  from  applications  to  sources  description  and  charac¬ 
terization,  with  the  most  encountered  problems  ad  possible  solutions,  concluding 
with  a  comparison  with  other  sources. 


2.  Current  and  prospective  applications 


In  the  case  of  the  microelectronic  industry,  the  trend  toward  higher  DRAM 
memory  content,  which  requires  higher  resolution  from  writing  systems,  is  well 
known.  Table  1  represents  a  projection,  in  the  future,  of  the  demand  in  writing 
density  with  the  correspondent  minimum  size  to  be  resolved  for  next  years. 

Table  1.  Trends  in  microlithography  (Revision  from  data  by  H.  Kinoshita, 
X-Tech  Workshop  96,  Berlin) 


DRAM 

(bytes) 

Year 

Minimum 
Size  {fim) 

Exposure  Technique 

256M 

1998 

0.25 

KrF  -f  Phase  Shift 

IG 

2001 

0.18 

KrF  (ArF)  +  Phase  Shift  4-  Off-axis  illumination 

4G 

2004 

0.13 

ArF  +  Phase  Shift  +  Off-axis  ilium. 

X-ray  Proximity 

16G 

2007 

0.1 

X-ray  Proximity  /  EUVL 

64G 

2010 

0.07 

EUVL 

256G 

2013 

0.04 

EUVL 

If  we  define  the  key  parameters  of  the  writing  system  of  the  optical  lithog¬ 
raphy  as  the  wavelength  A  of  the  e.m.  radiation,  the  numerical  aperture  NA  of 
the  optical  system,  the  minimum  size  {MS)  that  can  be  resolved,  and  the  depth 
of  focus  DOF^  we  have  the  well  known  relations: 


(2.1) 


MS  = 


KiX 

'na 


(2.2) 


DOF  = 


K2\ 
{NAf  ■ 


We  can  put,  with  reasonable  approximation,  K\  = 
combining  (2.1)  and  (2.2)  we  have; 


=  0.6,  and  then 


(2.3) 


{MS) 
(0.6  •  A) 


In  Fig.  1  DOF  vs  MS,  at  constant  A,  and  the  line  DOF  =  MS  are  plotted. 
Given  X,  MS  can  be  changed  varying  the  numerical  aperture  NA.  When  DOF  = 
MS'  =  A,  it  is  NA  =  1.  Higher  values  of  NA  are  not  technically  possible,  so 
that  the  region  below  the  line  DOF  =  MS  is  not  accessible.  Lines  numbered  1, 
2,  3  refers  to  the  now  available  excimer  lasers  with  A  =  308  nm  (XeCl),  248  nm 
(KrF),  193  nm  (ArF).  It  is  clear  that  to  achieve  the  writing  density  capacity  in 
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Minimum  Size  [|im] 


1- X=308  nm  (XeCl) 

2- h=243  nm  (KrF) 

3- A^193  imi(ArF) 

4- A^13  nm 

5- D0F=MS 


Fig.  1.  Depth  of  focus  vs.  minimum  feature  size. 


the  region  of  Gbytes,  this  means  with  minimum  size  smaller  than  0.15  //m,  new 
wavelength  regions  should  be  explored.  The  attention  is  now  focussed  on  two 
spectral  lines,  which  correspond  to  two  different  approaches.  The  first  one  has 
the  value  of  13  nm  (100  eV),  which  is  often  mentioned  as  the  EUV  approach  [3, 4]. 
In  this  region,  multilayer  coatings,  with  reasonable  reflectivity,  are  now  available. 
An  industrial  plant  requires  reflectivity  >  60%.  According  to  this  proposal,  a 
reflective  optic,  such  as  a  Schwarzschild  objective  (see  Fig.  2),  could  be  used.  In 
this  case,  the  use  of  demagnifying  optic  permits  less  stringent  requirements  on 
the  masks,  but  further  development  on  multilayer  coatings  is  required. 


a) 

Laser 


b) 


Target 


Large 
;  aperture 
collimator 


Reflective  |_ 
mask  \  I 

•,  r"" 


Schwarzschild 

reduction 

optics 


Wafer 


Laser  Wafer 


Fig.  2.  Apparatus  for  X-ray  projection  (a)  or  proximity  (b)  lithography. 


The  second  approach  [5,  6]  considers  the  wavelength  around  1.3  nm  (1  keV). 
In  this  region,  the  reflectivity  of  multilayer  coating  falls  down  to  few  percent  [7]. 
A  simple  so  called  contact  or  proximity  lithography  (Fig.  2b)  is  used.  The  mask 
is  put  in  close  contact  (few  microns)  with  the  photoresist.  A  suitable  X-ray  beam 
reproduces,  in  a  1:1  scale,  the  image  of  the  mask  on  the  photoresist.  In  Fig,  3a 
0.2  fim  (limited  by  the  master  mask)  structure  obtained  with  this  method  using 
synchrotron  radiation  (0.8  —  3.0  keV)  is  shown. 
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Fig.  3.  SEM  photograph  of  a  0.2  fim  pattern  obtained  with  contact  lithography  technique. 
The  synchrotron-radiation-irradiated  (0.8  -  3.0  keV)  PN  100  resist  has  been  removed.  The 
resolution  is  limited  by  the  master  mask  [8]. 


This  technique  imposes  more  severe  constraints  on  the  masks,  because  optical 
demagnification  is  not  possible.  As  for  the  choice  of  the  photon  energy,  we  must 
mention  that  in  this  region  two  effects  compete  for  resolution:  diffraction,  which 
decreases  with  increasing  photon  energy,  and  diffusion  of  photoelectrons  in  the 
photoresist,  which  increases  with  increasing  photon  energy.  The  best  compromise 
is  reached  around  1  keV. 

Similar  problems  are  posed  by  a  rapidly  increasing  technology,  which  is  usu¬ 
ally  named  microtechnology  or  microfabrication.  In  essence,  it  is  the  fabrication, 
on  micrometric  scale,  of  electro- optical  or  mechanical  devices.  The  most  used 
method  is  the  so  called  LIGA  one.  This  method  is  quite  similar  to  a  contact 
lithography,  but  the  requirement  of  a  photon  energy  higher  than  1  keV  is  more 
stringent,  also  because  the  X-rays  must  have  a  deep  penetration  on  the  photore¬ 
sist. 

In  close  connection  with  the  writing  problems  (lithography  and  microtech¬ 
nology),  is  the  reading  problem,  that  is  the  technology  of  microscopy.  The  most 
familiar  devices  are  the  optical  microscope,  the  SEM  (Scanning  Electron  Micro¬ 
scope),  the  TEM  (Transmission  Electron  Microscope),  and  the  AFM  (Atomic 
Force  Microscope).  In  Table  2  are  reported  the  resolution  for  the  different  types. 

Table  2.  Spatial  resolution  of  different  types  of  microscopes 


Type 

AFM 

TEM 

SEM 

Optical 

Resolution 

0.1  nm 

0.1  nm 

5  nm 

200  nm 

It  can  be  interesting  to  remind  the  size  of  some  microscopic  objects:  bacteria, 
diameter  0.3  —  2  /im,  length  0.3  —  100  fim;  virus,  dimension  20  —  300  nm;  NaCl 
reticule,  size  0.281  nm. 

Moreover,  most  of  the  systems  mentioned  before  are  essentially  limited  to 
the  observation  of  the  surface,  because  the  used  radiation  has  small  penetration. 
Only  the  recently  developed  confocal  microscope,  operating  in  the  optical  region, 
has  the  possibility  of  observing  inside  the  object,  but  with  resolution  and  contrast 
determined  by  the  properties  of  the  e.m.  radiation  in  the  optical  region. 
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The  penetration  of  soft  X-rays  for  water  and  proteins  (that  is,  for  samples 
of  biological  interest)  can  arrive  up  to  50  /jtm  as  shown  in  Fig.  4.  The  contrast 
between  water  and  proteins,  in  the  so  called  water  window  (2—4  nm)  is  enhanced 
as  a  consequence  of  strong  difference  in  the  absorption  coefficient,  while  in  the 
other  region  is  mainly  connected  to  the  Z  of  the  components;  the  resolution, 
which  is  due  both  to  diffraction  and  to  the  statistical  properties  of  radiation,  can 
reach  30  nm  .[9].  Imaging  system  can  be  done  or  through  a  contact  technique 
[10,  11]  (quite  similar  to  the  microlithography  technique)  or  using  Fresnel  zone 
plates  [9,  12]. 


FIG.  4.  50%  penetration  depth  (h)  of  X-rays  in  water  and  in  biological  material  vs.  photon 
energy.  Gray  spectral  intervals  correspond  to  different  applications:  (1)  projection 
lithography,  (2)  microscopy  and  (3)  proximity  lithography. 

It  is  important  to  mention  the  applications  in  radiobiology  [13],  because  at 
the  typical  energies  of  soft  X-rays  (<  8  keV)  the  photons  are  mainly  absorbed 
by  photoelectric  effect,  this  means  with  emission  of  an  electron  which  has  a  very 
short  (few  nm)  range.  Very  localized,  with  a  corresponding  very  high  dosage, 
damages  can  be  studied,  also  in  those  structures  (DNA)  where  high  resolution 
is  required. 


3.  Soft  X-ray  sources 


The  most  common  sources  of  soft  X-rays  are:  the  synchrotron  light,  it  is  the 
radiation  emitted  by  accelerated  electrons  (typically,  centrifugal  acceleration  in 
circular  paths),  the  radiation  emitted  by  electrons  impinging  on  a  target  through 
the  bremsstrahlung  effect  (i.e.  vacuum  X-ray  diodes),  and  the  radiation  emitted 
by  matter  when  heated  to  a  suitable  temperature,  at  which  it  is  highly  ionized, 
so  that  these  sources  are  called  “plasma  sources” . 
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One  convenient  way  of  heating  a  solid  target  is  by  means  of  the  interaction 
with  a  short,  focussed,  high-peak-power  laser  pulse.  Present  technology  permits 
achieving  power  densities  in  the  order  of  10^^  W/cm^  [14].  Under  the  action  of 
laser  radiation,  matter  is  partly  vaporized  and  ionized,  so  that  the  solid  target  is 
partly  screened  by  a  plasma  cloud,  whose  refractive  index  (AT),  for  e.m.  radiation 
at  coq  frequency,  can  be  written  as: 

(3.1)  N^  =  l~ 

me(po(j^JQ 

where  rie  is  electron  number  density,  e  and  mg  are  the  electric  charge  and  mass  of 
the  electron,  ipo  is  vacuum  dielectric  constant.  If  we  define  the  plasma  frequency 
Ljp  as: 

(0.2)  ojp  = - 

me(po 

we  can  finally  write: 


(3.3)  N  =  Jl-4- 

V  ‘^0 

In  conclusion,  the  e.m.  wave  can  propagate  in  the  plasma  only  if  ujq  >  u)p  or, 
in  terms  of  wavelength  A,  if: 


(3.4)  Tie  [cm  <  1.12  X  lO^^A  ^  [fxm] 

that  means  that  lasers  with  short  A  are  better  for  plasma  sources,  because  they 
can  penetrate  in  the  cloud  plasma  up  to  higher  electron  densities. 

The  power  density  radiated  by  the  hot  plasma  scales  as  a  power  of  the  tem¬ 
perature  (fourth  power,  for  ideal  black  body,  lower  [15,  16],  in  the  case  of  a  real 
laser  plasma  source)  and  must  be  balanced  by  the  input  power  density  given  by 
the  laser:  to  achieve  high  electron  temperature  Tg,  high  power  density  II  must 
be  realized  and  it  is  given  by: 


(3,5) 


_  (NA)2  e 
^  ~  (MA)2  ■  At' 


where  NA  is  the  numerical  aperture  <  1,  jE?  is  the  laser  pulse  energy,  M  is  the  laser 
beam  quality  factor  >  1,  At  is  the  pulse  time  duration.  High  quality  (M  =  1, 
single  transverse  mode),  short  pulse,  short  wavelength  A,  and  high  energy  per 
pulse  are  required  to  achieve  high  power  density,  and  so  high  temperatures. 

The  input  energy  is  shared,  according  to  theoretical  simulations  [17],  among 
kinetic  energy  of  emitted  debris,  changes  in  internal  and  potential  energy,  and 
emitted  radiation  (about  26%  of  the  input  energy,  in  the  specific  studied  case). 
In  general,  only  a  fraction  of  the  input  power  is  emitted  in  the  form  of  radiation. 
Experimental  results  [18]  show  a  dependence  also  on  the  wavelength  of  the  laser, 
with  comparable  conversion  efficiency,  as  shown  in  Fig.  5. 
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FIG.  5.  X-ray  conversion  efficiency  for  a  gold  target  vs.  laser  wavelength  at 
/j;,  =  10^"*  W/cm^,  in  accordance  with  Ref.  18. 


We  have  mentioned  that  essentially  the  laser  radiation  transfers  the  energy 
to  the  electrons,  and  then  the  electrons  go  in  equilibrium  with  the  atoms.  The 
equilibrium  time  r,  according  to  [15],  goes  as: 

(3.6)  UeT  —  j^cm“^sj  . 

If  we  take,  as  ng,  the  limit  electron  density  at  A,  finally  we  have: 

(3.7)  r[ns]  =  (0.1  l)A^[/im] 

as  the  time  to  achieve  equilibrium,  when  operating  at  wavelength  A.  For  u.v. 
radiation,  we  are  in  the  region  of  tens  of  ps.  When  irradiating  with  pulses 
shorter  than  the  equilibrium  time,  at  a  given  electron  temperature  Tg,  matter  is 
less  heated,  and  less  vaporized,  and  this  can  have  important  consequences  also 
from  a  technical  point  of  view. 

Most  part  of  radiation  is  emitted  in  the  form  of  recombination  continuum 
and  spectra  lines.  Even  if  the  source  is  far  from  being  of  black  body  type, 
because  the  emitting  plasma  is  not  always  in  equilibrium,  nor  it  is  always  fully 
opaque  to  the  emitted  radiation,  anyway  some  considerations  can  be  done  on 
the  simple  model  of  a  black  body.  It  has  been  shown  both  experimentally  and 
theoretically  that  the  electron  temperature  Tg  increases  with  the  increase  of  the 
laser  power  density  On  the  limit  of  black  body  and  with  an  assumption  of 
all  the  radiated  energy  being  balanced  by  the  incident  laser  power  density,  we 
may  write  the  Stefan-Boltzman  law  as: 


(3.8) 


Te[eV]  =  0.0559/2-^®  [w/cm^] 


58 


T.  Letardi.  F.  Flora,  C.  E.  Zheng,  P.  Di  Lazzaro,  S.  Bollanti 


The  more  accurate  theory  of  Colombaut  and  Tonon  [15]  gives: 

(3.9)  Te[eV]  =  5.2  x  [w/cm^] 

{A  is  the  atomic  weight),  while  the  experiments  obtained  for  an  aluminum  target 
and  a  KrF  laser  (A  =  248  nm)  [16]  give: 

(3-10)  Te[eV]  =  1.16  X  [w/cm^]  . 

A  comparison  between  the  results  from  Eqs.  (3.8),  (3.9)  and  (3.10)  is  shown 
in  Fig.  6:  the  larger  power  density  emitted  by  an  ideal  black  body  reduces  its 


Laser  Intensity  [W/cm^] 


Fig.  6.  Plasma  temperature  vs.  laser  power  density  according  with  a  black  body  equilibrium 
model  (solid  line),  and  according  with  the  experimental  (dashed  line)  [16]  or  theoretical 
(dotted  line)  [15]  values  obtained  for  an  A1  target  irradiated  by  a  KrF  laser  (A  =  248  nm). 

temperature  of  equilibrium  with  the  laser  radiation  with  respect  to  a  real  plasma. 
It  is  evident  that  the  laser  power  density  on  the  target  must  be  changed  according 
to  the  spectral  range  in  which  the  maximum  emission  is  required. 


4.  Typical  experimental  apparatus  and  some  results 

A  typical  experimental  apparatus  (Fig.  7)  includes  a  laser  source  and  a  chamber 
in  which  the  laser  beam  is  focussed  on  a  convenient  target.  In  the  chamber  a 
vacuum  better  than  few  Torr  or  better  than  10~^  Torr  must  be  ensured  for  the 
propagation  of  1  keV  or  100  eV  X-rays  respectively.  The  target  can  be  in  the 
form  of  a  solid  rod  or,  in  order  to  reduce  the  debris  [19]  as  explained  better  in 
the  following,  in  the  form  of  a  thin  tape. 

The  X-ray  pulse  closely  follows  the  laser  pulse  only  for  a  time  duration  shorter 
than  about  10  ns.  For  longer  laser  pulses,  the  situation  is  more  complicated, 
because  the  X-ray  time  duration  depends  also  from  the  observed  spectral  range, 
as  shown  in  Fig.  8  for  a  120  ns  laser  pulse. 
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R  s  100  % 


FIG.  7.  Experimental  set-up  for  an  X-ray  plasma  source  (in  this  case  a  XeCl  laser  is  used  and 
the  long  path  between  the  laser  and  the  vacuum  chamber  works  as  a  delay  line  to  avoid 
damages  on  the  laser  mirrors  by  the  plasma  scattered  light)  [20]. 


FIG.  8.  Time  evolution  of  a  120  ns  excimer  laser  pulse  (curve  d)  and  of  the  X-rays  in  the  57o, 
Sww  and  Sik  spectral  regions  (curves  a,  b  and  c,  respectively).  Laser  peak  power  density 

=  5  X  10^^  W/cm^  [13]. 

In  the  measurements  done  in  our  laboratory  [13]  three  spectral  regions,  cor¬ 
responding  to  three  important  applications,  have  been  measured: 

•  570  :  40  <  /iz>'  <  70  eV  (for  imaging  micro-lithography) 

•  Sww  '  300  <  hu  <  500  eV  (for  microscopy) 

•  Sik  :  0.8  <  hu  <  1.6  keV  (for  radiobiology  or  contact  micro-lithography). 

These  regions  correspond  in  Fig.  4  to  the  grey  areas  1,  2  and  3,  respectively.  The 
X-ray  regions  have  been  selected  by  means  of  filters,  and  have  been  detected  by 
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means  of  pin  diodes.  Prom  the  results  (see  Fig.  8)  we  observe  that  only  in  the 
lower  energy  range  the  X-ray  pulse  closely  follows  the  laser  pulse,  while  for  higher 
energies  there  is  a  shortening  effect. 

Time  duration  and  X-ray  conversion  efficiency  depend  also  on  the  laser  power 
density  [21].  In  Fig.  9  the  results  of  measurements  are  reported.  Power  density 
is  changed  defocusing  the  laser  beam.  Similar  measurements,  done  in  our  group 
[13],  have  been  performed  measuring  peak  conversion  efficiency  vs.  laser  power 
density,  by  means  of  defocusing,  as  shown  in  Fig.  10.  Even  if  many  effects, 
including  different  ways  of  plasma  expansion  according  to  the  different  beam  size 
should  be  considered,  a  very  simple  approach  according  to  a  black  body  emission, 
with  a  dependence  of  Tg  on  II  given  in  Fig,  6,  shows  the  correct  behavior. 


Fig.  9.  Experimental  behavior  of  X-ray  FIG.  10.  Experimental  behavior  of  the 

emission  as  a  function  of  the  laser  intensity,  X-ray  emission  Ix  in  the  Sww  (dashed  line) 

according  with  Ref.8  [21].  and  S\k  (solid  line)  spectral  regions  vs. 

target  position  z  with  respect  to  the  laser 
beam  waist  using  a  10  ns  excimer  laser  pulse 
[13].  Laser  peak  intensity 
=  3  X  10^^  W/cm^ 

The  X-ray  emission  peak  can  be  changed,  at  constant  laser  power  density, 
changing  the  target  material.  This  has  been  treated  theoretically  in  [2]  and 
[22]  and  experimentally  verified  in  [23].  The  measurements  refer  to  two  spec¬ 
tral  ranges  (100  —  750  eV,  750  —  2000  eV),  and  two  wavelengths  (1.06  fim  and 
0.26  ^m),  as  shown  in  Fig.  11, 

As  it  has  been  mentioned  before,  both  from  theoretical  considerations  and 
experimental  results,  it  is  clear  that  not  all  the  impinging  laser  radiation  is 
re-emitted  at  shorter  wavelengths,  because  part  is  reflected,  part  goes  in  the 
ablation  processes,  part  in  kinetic  energy  of  liquid  droplets.  The  measurements  of 
the  conversion  efficiency,  that  is  (total  irradiated  energy) /(total  impinging  laser 
energy),  is  of  primary  importance,  both  for  theoretical  and  practical  reasons. 
In  Fig.  12  the  results  are  shown  of  operation  with  a  laser  pulse  at  A  =  248  nm, 
30  ns,  30  j/p,  focused  on  a  Cu  target  [24].  In  the  very  short  pulses  range,  similar 
results  have  been  obtained  with  4  ps  pulses,  that  is  a  peak  conversion  efficiency 
of  about  10%  [25]. 

Similar  measurements  have  been  done  in  our  group  [13],  using  a  XeCl  laser 
in  two  different  operating  conditions:  6  J  in  120  ns,  and  2  J  in  10  ns.  The  X- 
ray  energy  has  been  measured  in  the  three  spectral  ranges  mentioned  before. 
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FIG.  11.  X-ray  conversion  efficiency  vs,  atomic  number  Z  for  different  spectral  regions  and 

laser  parameters,  from  Ref.  [23]. 


The  results  are  reported  in  Fig.  13  for  a  Cu  target.  The  conversion  efficiency 
is  defined  as  ri  -  because  the  beam  transport  efficiency  from  the 

laser  source  to  the  target  is  about  65%.  A  maximum  conversion  efficiency  of 
12%,  in  the  40  -  70  eV  range,  has  been  measured. 


5.  Debris  emission 

When  a  target  material  is  irradiated  by  a  focused  laser  beam,  it  is  instantaneously 
liquefied,  vaporized  and  ionized,  causing  a  very  high  plasma  pressure  Pp  near 
the  laser  spot,  whose  value  can  reach  Pp  —  10®  bar  for  a  laser  power  density 
of  5  X  lO’^^  W/cm?  [26].  With  expansion  of  the  hot  ionized  plasma  into  the 
vacuum,  a  plasma  pressure-driven  shock  wave  is  formed,  penetrating  into  the 
target,  melting  and  ablating  the  target  material  in  a  region  around  the  initial 
focal  spot.  The  matter  in  the  crater  is  emitted  in  all  directions,  having  three 
different  species  other  than  electrons  [27,  28]:  fast  ions  moving  with  velocity  of 
up  to  10® -10’^  cm/s  [28,  29,  30],  neutral  atoms  following  the  ions,  and  hot  pieces 
of  material  ejected  from  target  as  particles  of  various  form  and  sizes  of  from  sub- 
up  to  100  fim  with  a  velocity  in  a  range  of  10®  to  10®  cm/s  [27,  31,  32,  34,  35,  36]. 

The  large  size  debris  have  been  observed  to  be  sharply  directed  along  the 
target  normal  for  a  laser  angle  of  incidence  of  45°  [37].  A  typical  spatial  distri¬ 
bution  of  the  debris,  measured  using  a  XeCl  laser  of  2  J  and  pulse  duration  of 
10  ns  focused  on  a  Cu  target  at  10^®  W/cm®,  is  shown  in  Fig.  14  [38]. 

Clearly,  the  production  of  plasma  debris  is  more  serious  for  the  case  of  solid 
target,  and  it  leads  to  several  consequences  for  some  X-ray  applications,  such  as 
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FIG.  12.  Conversion  efficiency 
hkeV  from  laser  to 
1  keV<  hu<lA  keV  X-rays 
vs,  laser  intensity  II  (from 
Ref.24). 


FIG.  13.  X-ray  pulse  energy  emitted  by  a  Cu  target  in 
different  spectral  regions  and  for  different  duration  of  the 
XeCl  excimer  laser  pulse,  (spot  diameter  =  30  fim  at  86% 
of  power). 


(1)  the  damage  of  X-ray  filters,  masks,  thin  membrane  window,  (2)  the  formation 
of  films  on  the  surfaces  of  optics  or  other  objects;  thus,  the  solution  of  this 
problem  is  of  central  importance  for  the  use  of  laser  plasma  sources. 


0-angle  to  normal  (degrees) 
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\  I 


10  30  50  70  90 
y  d-angle 

debris  flvix  ^'^ser  debris  flux 
^80%  axis  a  ^30% 

of peak  of peak 


Fig.  14.  Spatial  distribution  of  large  size  (>  10  /xm)  debris  emitted  by  a  Cu  target  at  a  laser 
intensity  of  10^^  W/cm^  (from  Ref  [38]  ). 

To  control  the  debris  generation,  a  number  of  studies  were  carried  in  the  past 
The  main  techniques  used  are:  (1)  filters  for  stopping  the  projectile  particles^ 
(2)  helium  buffer  gas  for  reducing  the  expansion  range  of  the  debris  [27,  391*  (3) 
jet  gas  for  slowing  down  the  debris  velocity;  (4)  thin  tape  target,  usually  in  the 
order  of  several  10  ^m,  where  a  hole  can  be  drilled  by  the  laser  ablation  and 
plasma  shock  wave,  and  the  debris  will  be  ejected  in  the  direction  of  the  laser 
beam  [1,  24,  25];  (5)  rotating  disk  shutter,  synchronously  triggered  with  the  laser 
pulses  through  a  delay  circuit  and  used  as  a  debris-velocity  filter,  for  removing 
from  the  soft  X-ray  beam  the  particles  with  velocities  lower  than  a  value  of  the 
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order  of  10^  m/s  [30,  34];  (6)  short  laser  pulse  (in  the  order  of  some  ps)  for 
reducing  the  debris  production  because  of  the  target  lattice  atoms  remaining 
much  colder  than  electrons  [40]. 

Alternatively,  droplet  liquid  targets  [41,  42]  or  gas  jet  targets  [43]  rather 
than  the  traditional  solid  targets  have  been  proposed.  Unfortunately,  each  of 
these  solutions  has  some  drawbacks  in  terms  of  complexity  of  the  system  and  of 
conversion  efficiency  in  defined  spectral  intervals,  in  particular  in  the  50  200  eV 
region;  this  is  a  consequence  of  the  fact  that  for  such  targets  the  laser  parameters, 
like  pulse  duration,  wavelength  and  intensity,  must  be  chosen  according  with 
the  target  requirements  rather  than  with  the  requirement  for  the  highest  X-ray 
production  in  the  spectral  interval  of  interest. 

In  Fig.  15  the  scheme  of  a  droplet  target  plasma  source  is  shown.  A  train  of 
ethanol  droplets,  with  about  10  iim  diameter,  is  ejected  in  a  vacuum  chamber.  A 
synchronized,  frequency  doubled,  70  mJ,  100  —  120  ps  Nd:Yag  laser  pulse  heats 
the  droplet. 


FIG.  15.  Experimental  apparatus  for  droplet  targets  plasma  source  (from  Ref.  [42]). 

The  system  achieves  some  results:  the  source  is  practically  debris-free,  and 
the  optical  quality,  due  also  to  the  small  dimensions  of  the  droplet,  is  good. 
On  the  other  hand,  the  formation  of  the  stable  droplets  is  connected  to  the 
surface  tension,  and  only  few  liquids  can  be  explored,  the  dimensions  of  the 
droplets  cannot  be  larger,  in  order  not  to  load  the  vacuum  system,  and  the 
overall  efficiency,  as  reported  in  [42],  is  about  two  orders  of  magnitude  lower 
than  that  with  solid  targets. 

For  the  exploration  of  gas  targets,  in  [43]  a  pulsed  N2  gas  jet,  at  pressure 
higher  than  1  bar,  has  been  injected  in  a  vacuum  chamber.  A  1  ns,  1  to  5  J 
Nd:glass  laser  pulse  has  been  used.  Soft  X-ray  emission  in  the  water  window  has 
been  observed.  Again,  also  in  this  case  the  efficiency  is  very  low  and,  moreover. 
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due  to  the  diffused  nature  of  the  target,  the  X-ray  beam  quality  could  be  worst. 

Coming  back  to  solid  targets,  the  thin-tape  solution  has  given  excellent  results 
only  at  1  —  1.5  keV  photon  energy,  that  is  in  the  interval  of  interest  for  the 
proximity  lithography,  while  for  the  liquid  and  gas  target  the  conversion  efficiency 
is  limited  by  the  small  size  or  low  density  of  the  target  respectively.  More 
recently,  good  eflficiency  values  in  the  1-1.5  keV  region  have  been  obtained 
also  from  cryogenic  Xe  targets  [44].  For  the  /iz/  =  50  -  200  eV  X-rays  region,  all 
non-solid  targets  potentially  present  the  problem  of  the  high  absorption  of  the 
target  residual  vapors  which  remain  in  the  vacuum  chamber, 

A  completely  different  approach  is  now  under  development  in  our  laboratory 
[45]  for  controlling  the  debris  damage  in  the  imaging  microlithography  applica¬ 
tion  {^70  spectral  region).  As  mentioned  before,  the  X-ray  production  in  the 
above  range  is  increased  by  an  off-focus  alignment  of  the  laser  beam  (down  to 
laser  intensities  II  of  the  order  of  10^®  W/cm^),  which  decreases  the  plasma 
temperature  Tp,  finally  leading  to  a  reduction  of  the  debris  velocity.  In  fact, 
for  the  gas  phase  expansion  in  vacuum,  the  maximum  particle  velocity  Vm  is 
expected  to  scale  as  oc  [31,  46],  where  T  is  the  temperature  before 
expansion.  For  the  laser  plasma,  we  may  approximate  T  with  the  plasma  tem¬ 
perature  Tp,  which  is  approximately  determined  by  the  laser  intensity  on  the 

target  according  to  Tp  oc  [47].  Finally,  we  have  Vm  a  ^  so  that  going 
from  II  ^  10^^  —  10^^  W/cm^  down  to  10^°  W/cm^,  the  maximum  debris 
velocity  should  diminish  of  a  factor  3  -  5.5.  This  reduced  speed  value  should 
permit  a  successful  use  of  mechanical  stoppers  in  order  to  discriminate  the  debris 
from  the  X-rays. 

In  Fig.  16  we  report  two  images  of  debris-emitted  light  from  tantalum  target 
at  =  5  X  10^^  W/cm^  and  10^®  W/cm^,  respectively.  Since  the  images  have 

a)  b) 


FIG.  16.  Photographs  of  the  debris  emitted  by  a  Ta  target  at  a  laser  intensity  of  (a) 

5  •  10^^  W/cm^  and  (b)  10^°  W/cm^.  The  photographs  are  obtained  by  the  observation, 
through  a  fast  CCD  camera  (PCO  Computer  Optics,  DICAM-2),  of  the  light  emitted  by  the 
debris.  Dashed  lines  show  the  distance  from  the  target  (in  cm).  Laser  pulse  duration:  120  ns. 
Exposure  time:  50  ps.  Beginning  of  the  exposure:  500  ps  after  the  plasma  generation. 


been  acquired  in  the  same  way  (see  figure  caption),  it  is  evident  that  in  the 
low  intensity  case  the  maximum  distance  reached  by  visible  debris  is  reduced 
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of  about  a  factor  5  with  respect  to  the  high  intensity  irradiation,  as  expected 
from  the  theory.  The  quite  long  exposure  time  confirms  the  possibility  of  using 
mechanical  stoppers  for  these  visible  debris. 

Obviously,  not  all  the  debris  are  visible  in  the  images  of  Fig.  16:  we  have 
estimated  a  minimum  debris  diameter  of  about  1  mm  in  order  to  emit  sufficient 
luminous  power  to  be  detectable  by  our  CCD  camera.  Anyway,  the  small-size, 
invisible  debris,  as  well  as  ions,  do  not  represent  a  serious  problem,  since  they  can 
be  arrested  just  filling  the  interaction  chamber  with  helium  gas  at  low  pressure. 
In  Fig.  17  the  mass  range  Rp  of  the  debris  flight  (before  reaching  a  complete 
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FIG.  17.  Mass  penetration  depth  (hrho)  of  X-rays  (solid  line)  and  debris  mass  flight  range 
(Rp)  (dashed  lines)  vs.  photon  energy  E  and  vs.  initial  speed  t;o,  respectively,  calculated  for 
different  debris  diameters  (cj)).  [48].  Both  ordinates  are  normalized  to  the  helium  density  p. 
The  range  is  calculated  for  a  helium  pressure  of  5  Torr  (Rp  is  little  depending  on  the  value  of 

p)  and  for  spherical  copper  particles. 


stop)  versus  the  initial  debris  speed  Vq  for  different  debris  diameters  is  reported 
together  with  the  mass  penetration  depth  hp  of  the  X-rays  in  helium  versus  the 
photon  energy  E.  Here  both  Rp  and  hp  are  normalized  to  the  helium  gas  density 
p  and  the  target  material  is  copper. 

Since  hp  is  the  X-ray  propagation  distance  where  the  intensity  decreases  to 
1  je  of  the  initial  value,  it  is  possible  to  know  from  the  figure  which  particles  can 
be  stopped  by  using  helium  as  buffer  gas  still  maintaining  a  relevant  percentage 
(36.8%)  of  the  generated  radiation,  i.e.  those  having  Rp  <  hp.  As  it  can  be  seen, 
in  the  ^70  interval  the  maximum  mass  penetration  depth  is  around  10~^  g/cm^. 
At  this  “distance”  all  the  debris  with  diameter  —  0.1  ^m  are  stopped  if  their 
initial  velocity  is  smaller  than  500  m/s,  while  for  </>  ~  1  pm  the  maximum  Vq  for 
a  complete  arrest  is  about  40  m/s.  On  the  other  hand,  from  Fig.  16b  we  can 
estimate  an  average  visible-debris  (i.e.  (j)  >  1  pm)  speed  of  about  60  m/s.  This 
means  that  (j)  <  I  pm  debris  can  be  arrested  with  a  helium  thickness  which  can 
still  transmit  1/e  =  36.8%  of  X-rays  in  the  570  spectral  window. 

For  a  practical  use,  the  flight  range  R  (in  cm)  can  be  expressed  through  an 
approximated  formula,  valid  for  a  spherical  particle  with  diameter  </),  in  helium 
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(up  to  a  pressure  p[torr]  <  142<p  [/rm]),  and  up  to  a  particle  Reynolds  number 
equal  to  1000  [48]: 

(5.1)  R[cm]  =  4.26  x  10iVW^(yo[cm/s])“-®5, 

where  pt  is  the  particle  density.  Hence  the  range  of  a  particle  is  (almost)  pro¬ 
portional  to  its  diameter. 


6.  Spectroscopy 

The  knowledge  of  the  emission  spectra  of  laser  plasma  sources  with  high  spec¬ 
tral  and  spatial  resolution  is  of  crucial  importance  for  different  reasons:  first 
of  ail,  the  high  resolution  X-ray  spectroscopy  gives  a  unique  possibility  to  test 
the  correctness  of  various  quantum-electro- dynamical  models  for  high  accuracy 
theoretical  calculations  of  different  atomic  structures;  secondly,  the  use  of  laser 
plasma  sources  is  one  of  the  few  possibilities  of  measuring  the  ionization  poten¬ 
tial  of  multi-charged  ions;  then,  the  obtained  results  can  be  used  in  modeling 
codes  to  estimate  with  high  accuracy  plasma  parameters,  like  electrons  and  ions 
density  and  temperature,  number  of  hot  electrons  in  the  plasma,  ions  ionization 
distribution;  finally,  a  wide  spectroscopic  characterization  of  the  plasma  source 
changing  the  target  element  and  laser  parameters  is  a  peerless  way  to  optimize 
the  X-ray  emission  for  a  specific  application. 

In  our  laboratory  we  have  carried  on  measurements  of  high  resolution  spec¬ 
troscopy  [49]- [59]  in  cooperation  with  the  NPO  VNIIFTRI  Institute  of  Moscow, 
using  particular  spectrometers  based  on  spherically  bent  mica  crystals.  These 
spectrometers  allow  to  get  simultaneously  the  spectrum  and  the  one- dimensional 
imaging  of  the  plasma  source,  as  shown  in  Fig.  18.  A  spectral  resolution  A/AA 
up  to  10^  can  be  reached. 
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FIG.  18.  Magnesium  and  Nickel  spectra  obtained  using  the  XeCl  excimer  laser  in  the 
configuration  of  10  ns  —  2  J.  The  one- dimensional  imaging  of  the  plasma  (vertical  scale)  is  in 
the  direction  z  normal  to  the  target.  The  two  targets  have  been  placed  (sequentially)  at  two 
different  .s  positions  (1  mm  apart)  so  that  the  two  spectra  do  not  overlap  (see  ref.  [51]). 

In  particular  the  magnesium  XI  (i.e.  He-like  ions)  resonant  line  at  A  = 
9.1681  A  and  the  inter-combination  line  at  A  =  9.2307  A  (corresponding  to  the 
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transitions  2^ Pi  —  and  2^ Pi  —  respectively)  can  be  used  as  refer¬ 

ence  points  for  the  determination  on  the  wavelengths  of  the  other  lines  like  the 
satellite  ones  of  magnesium  X.  Experimental  results  have  been  compared  with 
very  precise  theoretical  calculations  performed  at  LLNL  using  the  atomic  code 
HULLAC,  allowing  for  the  first  time  to  identify  and  measure  with  record  accu¬ 
racy  wavelengths  and  ionization  potentials  of  different  multi-charged  ions  [49]. 
Moreover,  the  increased  spectral  resolution  of  the  obtained  spectra  allowed  us  to 
develop  new  methods  of  plasma  diagnostic,  based  on  line  intensities  caused  by 
transitions  from  Rydberg  auto-ionizing  states  of  multi-charged  ions. 


7.  Comparison  with  other  sources 

A  parameter  that  is  usually  considered  for  comparison  with  other  X-ray  sources 
is  the  spectral  brightness  B{E)  which  gives  the  number  of  photons  emitted  at 
a  given  energy  (eV)  per  second,  from  1  mm^  of  emitting  source,  in  one  mrad^ 
solid  angle,  in  0.1%  of  spectral  bandwidth.  In  conclusion,  it  is  : 


(7.1) 


BiE)  = 


Number  of  photons  at  energy  E(eV) 
s  X  mm^  X  mrad^  x  0.1%  spectral  bandwidth 


If  we  .treat  the  plasma  source  in  the  limit  of  a  black-body  radiator  (this 
approximation  becomes  worse  when  the  plasma  temperature  goes  beyond  « 
10^  eV),  we  can  write: 


(7.2) 


B{E,T)  =  1.57  X  10^^ 


exp  (E/T)  -  1 


) 


where  E  and  T  are  the  photon  energy  and  plasma  temperature  in  eV  units.  If, 
given  the  spectral  energy  E",  we  optimize  T  in  order  to  have  the  maximum  of  the 
emission  at  E  (optimized  black-body,  i.e.  T  =  E/2.82),  then  we  finally  obtain: 


(T.3)  = 

In  Fig.  19  we  have  reported  the  plot  of  the  peak  brightness  of  some  most 
common  sources  and  compared  it  with  ^]V[AX- 

As  a  matter  of  fact,  the  comparison  based  on  E(E)  as  defined  in  (7.2)  is 
meaningful  only  for  applications  where  a  narrow  bandwidth  (AE/E  «  10”^)  is 
required,  like  scanning  or  projection  microscopy  (where  zone  plates  are  used), 
or  material  studies  (for  example,  absorption  spectroscopy).  In  the  case  of  ra¬ 
diobiology,  X-ray  contact  microscopy,  contact  and  projection  microlithograpy 
the  useful  bandwidth  can  be  of  the  order  of  10%,  so  that  plasma  sources  be¬ 
come  very  competitive  with  respect  to  the  narrow-spectral-width  radiation  from 
synchrotron+undulator  (SU)  systems.  In  the  same  way,  for  a  very  important 
application  like  the  projection  microlithography  a  low  (mm^x  mrad^)  product 
like  in  SU  is  not  necessary. 

Then,  in  Fig,  20  we  compare  the  average  number  of  photons  emitted  per 
second  in  10%  of  spectral  bandwidth  from  a  plasma  source  having  a  laser  driver 
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Photon  energy  (eV) 

FIG,  19.  Peak  spectral  brightness  of  some  X-ray  sources  and  of  an  ideal  optimized  black-body. 


of  300  W  average  power  (considering  a  conversion  efficiency  of  40%)  with  those 
radiated  by  an  undulator  of  40  steps  with  iC  =  2  in  a  storage  ring  with  100  mA 
of  circulating  current,  into  the  full  emission  bandwidth  («  1%). 
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FIG.  20.  Number  of  photons  emitted  per  second  into  a  10%  bandwidth  by  a 
40%-efficiency  plasma  source  with  a  300  W- average-power  driving  laser  at  different  values  of 
the  plasma  temperature  T,  calculated  in  the  black-body  approximation,  and  by  a  synchrotron 
undulator  into  the  full  emission  bandwidth  (w  1%,  see  text).  The  values  of  laser  pulse 
duration  At  and  of  the  source  diameter  (j)  reported  in  parenthesis  are  examples  on  how  to 
obtain  different  laser  intensities  and,  consequently,  different  T  values.  The  circle  represents  a 
particular  measurement  of  the  emission  in  a  narrow  spectral  range  by  the  Hercules  laser 
plasma  source  [13]  extrapolated  to  50  Hz  repetition  rate. 

The  emission  peak  in  the  SU  is  moved  changing  the  energy  of  the  electrons, 
while  the  temperature  of  the  plasma  source  is  changed  by  means  of  the  focussed 
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diameter  and  the  pulse  length,  at  constant  average  power  of  the  driving  laser. 
As  we  can  see  from  the  results  (Fig.  20),  at  low  photon  energy  (that  is,  around 
100  eV),  the  plasma  source  is  very  competitive. 
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Both  electron  beams  and  microwave  sources  have  a  long  history  and  yet  in  recent  years  there 
have  been  new  advances  made  in  electron  beam  production,  propagation  and  interaction  that 
have  provided  new  microwave  sources  and  developments  to  existing  ones.  Electron  beams 
produced  by  cold  cathodes,  plasma  cathodes,  field  emission  array  cathodes  and  pseudospark 
cathodes  are  compared  with  those  produced  by  conventional  thermionic  cathodes.  The  electron 
beam  propagation  can  be  influenced  by  the  accelerating  electrode  geometry  and  any  imposed 
magnetic  fields.  A  range  of  different  electron  beam  electromagnetic  wave  interactions  have  been 
studied  including  electron  cyclotron  maser,  free  electron  laser  and  Cherenkov  maser. 


1.  Introduction 

One  of  the  uses  of  low  temperature  plasmas  is  as  a  copious  source  of  electrons. 
Solid-state  emitters  of  electrons  have  current  density  and  peak  power  handling 
limitations  that  plasmas  can  readily  exceed.  In  the  steady  state  the  average 
electron  current  extracted  from  the  plasma  usually  equals  the  average  electron 
current  extracted  from  the  solid  state  cathode  substrate  that  ultimately  connects 
the  plasma  to  the  external  circuitry.  One  of  the  advantages  of  the  plasma  is 
in  providing  a  lower  effective  work  function  source  for  the  extraction  of  the 
electrons.  Another  advantage  that  applies  in  some  cases,  such  as  the  pseudospark 
cathode,  is  that  the  cross-sectional  area  of  the  electron  extraction  surface  in  the 
plasma  is  very  much  smaller  than  the  surface  area  of  the  solid-state  conductor 
that  provides  the  connection  to  the  external  circuitry  and  hence  the  current 
density  is  higher  and  the  electron  beam  is  brighter.  For  time-dependent  transient 
plasma  cathodes  the  peak  electron  current  extracted  from  the  plasma  cathode 
can  become  very  large  when  very  short  duration  pulsed  large  electric  fields  are 
applied. 

For  many  years  plasmas,  in  various  configurations,  have  been  employed  as 
cathodes.  In  sections  2  and  3  below  two  different  types  of  plasma  cathode  are 
described  which  have  both  been  successfully  exploited  as  high  current  electron 
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beam  sources  which  in  turn  have  been  used  to  drive  high  power  microwave  genera¬ 
tors.  A  general  bibliography  covering  high  power  microwave  sources  and  charged 
particle  beams  is  given  [1  -  13].  In  contrast  to  the  plasma  cathodes  and  for  some 
specialised  applications  microscopic  field  emitters  can  be  fabricated  using  con¬ 
ventional  silicon  wafer  plasma  processing  technology.  This  exploits  plasmas  in 
the  manufacturing  process  rather  than  in  the  device  itself.  When  such  emitters 
consisting  of  tens  of  thousands  of  individual  emitters  are  fabricated  into  an  array 
the  potential  of  field  emission  array  (FEA)  cathodes  [14,  22]  can  be  realised.  A 
collaborative  project  with  industry  which  culminated  in  the  first  FEA  driven 
gyrotron  is  described  in  section  4. 

The  science  of  intense  electron  beams  can  be  regarded  as  a  branch  of  plasma 
physics  particularly  at  high  frequencies  where  only  the  dynamics  of  the  elec¬ 
trons  are  important.  The  subject  is  sometimes  known  as  ”non-neutral  plasma 
physics”.  Although  the  directed  energy  in  such  beams  can  be  large  the  actual 
plasma  temperatures  of  these  beams  can  be  comparable  with  those  of  the  low 
temperature  technological  plasmas.  The  theory  of  waves  in  plasmas  provides  an 
excellent  vehicle  for  the  study  of  high  frequency  waves  on  these  intense  electron 
beams.  The  invention,  design  and  development  of  some  new  sources  of  electro¬ 
magnetic  radiation,  discussed  in  section  5,  have  depended  on  analyses  of  the 
interactions  between  modes  of  the  electron  beams  and  modes  of  a  range  of  wave- 
guiding  structures  using  frequency  versus  wavenumber  diagrams  in  an  identical 
way  to  their  use  in  studies  of  plasma  waves.  Research  results  from  a  variety  of 
different  microwave  sources  are  given  in  the  later  references  [14  -  35].  A  brief  re¬ 
view  of  recent  experimental  studies  of  phenomena  associated  with  superradiative 
behaviour  in  microwave  sources  is  presented  in  section  6. 


2.  Plasma  cathodes 

When  a  fast  rising  high  voltage  pulse  is  applied  to  a  cold  cathode  vacuum  diode, 
within  nanoseconds  the  cathode  surface  becomes  covered  with  a  low  temperature 
plasma.  The  mechanism  for  this  is  that  the  field  emission  from  fine  whiskers  on 
the  surface  supplies  an  initial  current  which  then  heats  and  explodes  the  whiskers 
and  forms  a  low  work  function  plasma  from  which  electrons  are  readily  extracted. 
An  alternative  to  the  whisker  theory  is  that  impurities  included  in  the  surface 
can  act  as  the  initial  current  source.  The  nature  of  this  plasma  depends  upon 
the  material  and  the  construction  of  the  cathode.  Typical  cathode  materials  are 
stainless  steel  and  graphite.  Velvet  cloth  forms  a  particularly  effective  material 
with  which  to  cover  the  cathode  surface.  The  plasma  that  rapidly  covers  the 
surface  acts  as  a  copious  source  of  electrons  and  currents  of  high  voltage  electrons 
can  typically  be  drawn  for  times  as  long  as  100  ns  up  to  1  microsecond.  Currents 
are  typically  in  the  kA  range  and  this  type  of  cathode  is  extremely  robust. 

3.  Pseudospark  cathodes 

A  novel  type  of  cathode,  namely  the  pseudospark  discharge,  has  been  used  as  the 
electron  source  for  a  Cherenkov  maser  amplifier  experiment  [35],  The  Cherenkov 
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free  electron  maser  interaction  region  in  this  case  consists  of  a  dielectric-lined, 
cylindrical  waveguide.  The  pseudospark  discharge  offers  the  possibility  of  pro¬ 
ducing  electron  beams  of  high  current  density  >  10^  Acm-^,  high  brightness  up 
to  10^^  Am“^  rad“^,  narrow  beam  diameter  (>  4  mm),  very  low  emittance  (tens 
of  mm  mrad)  and  variable  duration  (tens  of  ns  to  hundreds  of  ns).  It  is  therefore 
very  attractive  as  an  electron  beam  source  for  high  power  sources  of  microwave 
radiation,  such  as  free  electron  lasers  (FELs),  cyclotron  autoresonance  masers 
(CARMs)  and  Cherenkov  masers.  Numerical  simulations  and  some  experimental 
results  from  a  Cherenkov  maser  amplifier  based  on  a  multi-gap  pseudospark  dis¬ 
charge  have  been  presented  [35].  The  one-dimensional  model  of  the  Cherenkov 
maser  amplifier  takes  into  account  effects  due  to  electron  velocity  spread  and 
resonant  space  charge  forces  and  can  predict  non-linear  effects  such  as  satu¬ 
ration.  The  experimental  results  include  electron  beam  voltage,  current  and 
brightness  from  this  pseudospark  cathode  and  microwave  frequency,  power  and 
mode  pattern  measurements  from  the  Cherenkov  maser  output.  The  simulations 
and  experimental  results  agree  and  the  desirable  properties  of  the  pseudospark 
cathode  are  confirmed. 

A  pseudospark  discharge  is  a  low  pressure,  transient  hollow  cathode  gas  dis¬ 
charge  which  occurs  in  a  special  geometry  in  different  kinds  of  gases,  i.e.,  nitro¬ 
gen,  oxygen  and  hydrogen,  etc.  The  background  gas  pressure  is  such  that  pd, 
the  product  of  the  gas  pressure  p  and  the  distance  d  between  the  front  faces  of 
the  cathode  and  anode,  is  on  the  left-hand  side  of  the  Paschen  curve  between  the 
Paschen  minimum  and  vacuum  breakdown.  We  here  present  the  experimental 
details  and  results  of  pseudospark-based  electron  beam  production. 

The  pseudospark  experimental  setup  for  the  electron  beam  production  is 
shown  in  Fig.  1.  The  discharge  chamber  consists  of  a  planar  anode,  a  planar 
cathode  with  an  adjustable  cylindrical  hollow  cavity,  and  several  sets  of  Perspex 
insulators  and  interelectrodes  of  6.5  mm  thickness.  Both  the  anode  and  cathode 
have  an  on- axis  hole  of  3  mm  diameter.  The  centre  of  the  cathode  was  designed 
to  be  an  interchangeable  structure,  which  allowed  different  sizes  of  cathode  core 
and  different  kinds  of  cathode  materials  to  be  studied.  The  hollow  cathode  cavity 
made  of  stainless  steel  of  outer  and  inner  diameters  of  63  and  50  mm  respectively 
was  length-adjustable  through  an  adjuster.  Gas  pressure  was  measured  by  a 
digital,  active  Pirani  gauge.  The  cathode  side  of  the  chamber  was  charged  up  to 
30  kV  through  a  30  charging  resistor  and  the  charging  voltage  was  measured 
by  a  capacitive  voltage  probe.  The  discharge  current  was  monitored  by  a  0.066  Q. 
current  viewing  resistor  (CVR).  The  beam  current  was  measured  by  a  Rogowski 
coil  located  6  cm  away  from  the  anode  and  the  beam  brightness  was  measured 
with  a  6  cm  long  cylindrical  collimator  connected  to  the  anode  as  shown  in 
Fig.  1. 

The  basic  investigations  of  electron  beam  production  were  first  carried  out 
on  a  single-gap  pseudospark  system  for  a  wide  range  parameters,  including  cath¬ 
ode  cavity  length,  cathode  hole  size,  applied  voltage,  external  capacitance  and 
the  inductance  in  the  discharge  circuit.  The  experiments  showed  that  the  pseu¬ 
dospark  discharge  phenomenon  appeared  when  the  ratio  between  the  cathode 
cavity  length  to  the  cathode  hole  diameter  was  greater  than  1.  The  discharge 
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Cext 


FIG.  1.  The  pseudospark  cathode  experimental  configuration. 


current  approximately  obeyed  the  relation  hischarge  =  V^iCext/ ,  where  Cext 
is  the  external  capacitance,  Vq  the  applied  voltage  and  L  the  total  inductance  in 
the  discharge  circuit.  The  beam  current  however  had  a  saturation  value  when 
changing  the  external  capacitance.  To  get  maximum  beam  current  the  induc¬ 
tance  in  the  discharge  circuit  should  be  minimized.  The  optimum  beam  current 
from  the  single-gap  pseudospark  discharge  chamber  was  100  A  at  10  kV  with 
Cext  =  500  pF. 

Higher  energy  electron  beam  production  was  then  studied  from  3-gap  pseu¬ 
dospark  systems.  Fig.  2  shows  the  voltage,  diode  current  and  beam  current 


Diode  current,  beam  current  [A] 


Voltage  [kVj 


Fig.  2.  The  voltage,  diode  current  and  beam  current  from  the  3-gap  pseudospark  experiment. 
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from  the  3-gap  pseudospark  system.  The  beam  brightness  was  measured  to  be 
>  10^^  Am”^rad~^  with  a  6  cm  long  collimator  in  contact  with  the  anode.  For 
the  4-gap  pseudospark  system,  a  beam  of  up  to  260  A  was  measured  after  the 
collimator  with  the  Rogowski  coil. 

Following  investigations  of  the  electron  beam  produced  by  the  pseudospark 
cathode  a  Cherenkov  maser  amplifier  experiment  has  been  designed  and  con¬ 
structed  at  the  University  of  Strathclyde.  The  main  aim  of  the  experiment  was 
to  demonstrate  the  suitability  of  the  pseudospark  cathode  as  an  electron  source 
for  high  power  microwave  generation.  In  this  experiment,  an  electron  beam 
generated  by  an  8-gap  pseudospark  cathode  was  passed  through  a  section  of 
cylindrical  waveguide  lined  with  a  layer  of  dielectric  (alumina).  The  presence 
of  the  dielectric  allowed  a  resonant  interaction  to  occur  between  a  TM  or  HE 
waveguide  mode  and  the  electron  beam. 

A  one-dimensional  model  of  the  Cherenkov  maser  amplifier  has  been  devel¬ 
oped  in  an  attempt  to  predict  the  behaviour  of  this  device  both  in  the  linear 
and  nonlinear  regime  of  operation.  The  model  takes  into  account  effects  due  to 
electron  velocity  spread  and  resonant  space  charge  forces.  A  typical  example  of 
the  results  produced  by  this  model  is  that  for  the  TMqi  mode,  the  mode  power 
at  saturation  is  «  220  kW,  corresponding  to  an  interaction  efficiency  of  «  11%. 
These  computer  simulations,  showed  that  the  Cherenkov  maser  amplifier  to  be 
a  promising  device  for  verifying  the  effectiveness  of  the  electron  beam  produced 
by  the  pseudospark  cathode  in  applications  to  high  power  microwave  generation. 

To  confirm  this  an  experimental  demonstration  of  microwave  Cherenkov 
maser  amplifier  based  upon  the  electron  beam  extracted  from  a  pseudospark 
cathode  has  been  successfully  achieved.  In  these  experiments,  which  were  re¬ 
ported  in  reference  [35],  a  gain  of  29  ±  3  dB  was  measured  in  the  frequency 
range  25.5  -  28.6  GHz. 


4.  Field-emission  array  cathodes  manufactured  by  plasma  processing 

The  first  operation  of  a  gyrotron  oscillator  employing  an  FEA  cathode  was 
demonstrated  at  the  University  of  Strathclyde  (Garven  et  al  1996)  [14,  22].  The 
design  parameters  of  the  FEA  cathode,  were  similar  to  those  of  a  magnetron 
injection  gun  with  an  achievable  electron  beam  current  of  50  -  100  mA  and  mea¬ 
sured  beam  power  of  720  W  CW.  Coherent  microwave  radiation  was  detected 
in  both  the  TEq2  mode  at  30.1  GHz  and  the  TEq^  mode  at  43.6  GHz  with  a 
starting  current  of  1  mA. 

One  of  the  main  advantages  of  the  FEA  cathode  over  its  traditional  counter¬ 
parts  was  in  the  ability  to  control  the  spatial  distribution  of  individual  compo¬ 
nents  of  the  beam.  This  was  achieved  by  individually  addressing  each  of  the  ten 
FEAs  by  supplying  a  separate  control  voltage  to  the  Nb  grid  (or  gate)  connec¬ 
tions  on  each  chip,  with  a  common  Si  tip  cathode  potential. 

The  FEA  chips,  which  were  manufactured  by  GEC  using  a  plasma  processing 
technique,  were  operated  CW  for  lifetimes  of  tens  of  hours  with  minimal  degra¬ 
dation  in  performance.  There  are  two  points  to  be  noted  from  these  results  which 
must  be  emphasized  with  respect  to  the  future  of  FEAs  in  high  power  mm- wave 
devices;  (1)  optimization  of  chip  lifetime  and  (2)  increase  of  beam  power.  This 
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work  suggests  that  chips  of  the  design  employed  at  Strathclyde  would  operate 
successfully  with  emission  currents  up  to  6  mA.  Ten  such  chips  would  therefore 
supply  60  mA,  at  40  kV  to  produce  a  2.4  kW  electron  beam.  This  is  a  modest 
extrapolation  of  these  results  since  both  multiple  chip  operation  and  CW  10  mA 
operation  from  a  single  chip  were  demonstrated. 

In  the  Strathclyde  experiment,  the  maximum  generated  power  was  power 
supply  limited  since  operating  the  FEAs  outside  the  safe  operation  line  resulted 
in  increased  grid  currents.  At  any  one  time  only  3  chips  were  operated  which 
for  the  maximum  power  of  720  W  represents  an  average  of  6  mA  per  chip  at  40 
kV.  The  maximum  measured  beam  power  from  a  single  FEA  chip  was  375  W, 
emitting  9.37  mA  with  an  accelerating  potential  of  40  kVj  corresponding  to  a 
current  density  of  0.5  Acm“^.  Measurement  of  the  radiation  power  density  in  the 
far-field  gave  an  estimated  1  W  of  absolute  power  from  this  gyrotron  oscillator, 
during  operation  with  a  100  W  electron  beam.  This  represents  a  significant 
conversion  efficiency  for  a  low  current  gyrotron  of  approximately  1%. 

The  results  from  the  University  of  Strathclyde  demonstrate  that  FEA  cath¬ 
odes  can  be  used  not  only  in  high  power  electron  gun  designs,  but  also  in  high 
power  mm- wave  devices.  Relativistic  electron  beams  with  powers  of  up  to  720  W 
from  FEAs  were  propagated  through  a  gyrotron  cavity  and  radiated  coherently 
via  the  CRM  mechanism.  It  was  shown  that  FEA  lifetimes  were  not  unduly 
affected  by  high  voltage  operation,  given  adequate  shielding.  Lifetimes  on  the 
order  of  several  hours  of  operation  were  achievable  with  currents  of  >5  mA  per 
chip  under  non-ideal  conditions,  namely,  a  vacuum  of  1  x  10~^  mbar  and  50  kV 
accelerating  potential  with  multiple  chip  operation. 


5.  Applications  of  electron  beams  to  new  microwave  sources. 

One  important  family  of  microwave  sources  is  the  electron  cyclotron  resonance 
maser  family  which  includes  the  gyrotron,  gyro-TWT,  cyclotron  autoresonance 
maser  (CARM)  and  gyro-BWO.  The  gyrotron  has  become  an  established  and 
very  successful  microwave  oscillator  but  hitherto,  gyro-TWT’s  have  presented 
difficulties  as  broad  band  high  power  amplifiers.  This  is  due  to  a  twofold  prob¬ 
lem  related  to  the  phase  velocity  of  the  interaction.  Close  to  cut-off  the  wave 
group  velocity  of  a  smooth  waveguide  is  small  and  therefore  the  amplifier  is  sus¬ 
ceptible  to  oscillation,  and  far  from  cut-off,  at  high  Doppler  upshifts,  the  system’s 
eflS-ciency  suffers  due  to  particle  velocity  spread,  whilst  remaining  vulnerable  to 
oscillation  at  lower  frequency  (near  cut-off)  resonances.  An  ideal  eigenwave  dis¬ 
persion  for  a  gyro-TWT  would  be  one  which  has  small  (’’zero”)  axial  wavenum¬ 
bers  {kz)^  while  at  the  same  time  possessing  a  large  wave  group  velocity  duj/dkz 
which  is  finite  and  approximately  constant.  As  shown  such  an  eigenwave  dis¬ 
persion  may  be  realised  in  a  radical  new  oversized  circular  cylindrical  waveguide 
with  a  helical  corrugation  of  the  inner  surface.  This  helical  corrugation  couples 
two  partial  waves  of  a  regular  waveguide  with  cut-off  frequencies  near  and  far 
below  the  operating  frequency.  This  first  partial  wave  resonantly  interacts  with 
the  electrons  and  the  admixture  of  the  second  wave  makes  the  group  velocity  of 
the  eigenwave  non-zero.  Changing  the  geometrical  parameters  of  the  corrugation 
one  can  control  the  eigenwave  group  velocity  and  adjust  it  to  the  longitudinal 
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velocity  of  an  electron  beam  for  a  rather  broad  frequency  band  around  the  point 
where  the  longitudinal  wavenumber  is  equal  to  zero.  These  features  allow  a  very 
attractive  regime  of  gyro-TWT  operation  to  be  realised  where  the  interaction  is 
less  prone  to  oscillations  and  simultaneously  possesses  a  weak  sensitivity  to  the 
spread  in  electron  velocity. 


FIG.  3.  Dispersion  diagram  for  the  operating  helical  waveguide:  dotted  and  solid  lines 
correspond  to  partial  and  eigen  modes,  respectively,  "diamond”  points  are  the  results  of  "cold” 
measurements.  The  parameter,  h,  in  this  figure  is  equivalent  to  the  axial  wavenumber  kz. 

Improvements  in  the  quality  of  high-current  electron  beams  have  recently  pro¬ 
vided  a  significant  advance  in  another  member  of  the  electron  cyclotron  maser 
family,  namely  the  CARM.  The  Cyclotron  Autoresonance  Maser  (CARM)  is  a 
Doppler  upshifted  cyclotron  maser  that  benefits  from  an  autoresonant  interac¬ 
tion.  Use  of  the  CARM  instability  means  the  electron  beam  and  the  RF  field 
stay  in  resonance  as  the  electron  beam  loses  energy  to  the  field  which  indicates  a 
high  potential  efficiency  for  the  device.  The  emission  frequency  of  the  device  is 
Doppler  upshifted  from  the  normal  gyrotron  frequency  and  hence  the  magnetic 
field  required  to  achieve  a  particular  output  frequency  is  significantly  reduced. 

(5.1)  (jJ  =  sujc-i- kzVz 

where  cj  is  the  angular  frequency  of  the  radiation,  s  is  the  harmonic  number,  kz 
the  axial  component  of  the  radiation  field  wave  vector  and  Vz  is  the  electron  axial 
velocity.  The  relativistic  cyclotron  frequency,  u)c  =  27r/c  =  eB/jmo  ,  describes 
the  angular  frequency  of  rotation  of  the  electrons  in  the  axial  magnetic  field, 
where  e/mo  is  the  electron  charge/mass  ratio,  7  is  the  Lorentz  factor  and  B  is 
the  magnetic  induction  of  the  guiding  magnetic  field.  The  CARM  is  a  fast- wave 
interaction,  having  a  phase  velocity  greater  than  the  speed  of  light  and  a  large 
Doppler  shift  is  observed  for  Vz  «  oj/kz  «  c. 

F^or  interaction  with  a  mode  of  a  waveguide,  the  wave  dispersion  relation 

(5.2)  (jp"  =  Pkjp  4-  (?kz^ 
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must  also  be  satisfied,  in  which  the  cut-off  frequency  ujco  =  ckj_  is  dependent  on 
the  cavity  cross  section  and  eigenmode. 

The  eflBciency  of  the  CARM,  like  other  microwave  devices  that  have  a  large 
Doppler  frequency  upshift  is  dependent  upon  the  quality  of  the  electron  beam, 
Bratman  et  al.  at  lAP,  Nizhny  Novgorod,  Russia,  have  demonstrated  experimen¬ 
tally  that  a  fundamental  CARM  can  achieve  26%  electronic  efficiency.  CARM  ex¬ 
periments  at  Strathclyde  have  been  reported  and  Cooke  et  al.  [23]  have  achieved 
operation  of  a  CARM  at  the  second  harmonic.  Up  until  now  the  usual  way  of 
achieving  good  beam  quality  in  CARMs  has  involved  only  selecting  the  central 
part  of  a  high  current  electron  beam.  This  process  known  as  beam  ’’scraping”  re¬ 
sults  in  the  real  overall  efficiency  being  much  lower  than  the  electronic  efficiency 
based  on  just  the  selected  beam.  Recent  cold  cathode  CARM  experiments  have 
used  a  velvet  cathode.  By  modelling  and  careful  electron  gun  design  the  need 
for  beam  scraping  has  been  eliminated  and  almost  100%  of  the  electron  beam 
has  been  used.  A  thermionic  cathode  CARM  experiment  with  the  same  electron 
gun  geometry  has  been  carried  out  to  confirm  this. 

In  the  University  of  Strathclyde  cold  cathode  CARM  experiments  a  cold 
explosive  field  emission  cathode,  operating  in  the  space-charge-limited  regime, 
wa.s  used  to  produce  a  high  current  50  A),  high  quality,  but  short  (~  100 
ns)  beam.  Due  to  gap  closure,  it  was  difficult  to  increase  the  duration  of  the 
electron  beam  from  such  a  source.  The  pulsed  power  system  used  delivered  a 
300  kV  pulse,  which  was  approximately  100  ns  in  duration. 

The  CARM  was  operated  using  the  second  harmonic  of  the  cyclotron  fre¬ 
quency.  An  interaction  efficiency  of  3.9%  was  measured  at  a  frequency  of  14.27 
GHz,  using  an  80  ns  pulsed,  14  A  electron  beam  of  energy  300  keV,  to  produce 
a  coherent  microwave  power  of  170  kW.  Emission  occurred  at  3.7  times  the  rel¬ 
ativistic  cyclotron  frequency,  due  to  the  large  Doppler  frequency  increase  and 
second  harmonic  interaction. 

An  alternative  power  supply  has  been  developed  which  is  capable  of  produc¬ 
ing  a  800  kV  pulse  with  a  longer  duration,  which  will  be  operated  at  a  potential 
of  500  kV.  This  allows  operation  of  the  CARM  at  the  fundamental  frequency, 
but  requires  a  redesign  of  the  existing  cold  cathode  diode  system  to  operate  at 
this  voltage  (Fig.  4). 

Computer  modelling  of  the  electron  beams  is  an  essential  part  of  designing 
new  microwave  sources  .  The  computer  models  developed  at  Strathclyde  are 
fully  relativistic  electron  trajectory  codes  that  can  calculate  (1)  the  space-charge 
limited  emission  current,  (2)  the  current  density  profile  of  the  e-beam,  (3)  the 
diode  and  beam  currents,  and  (4)  the  velocity  profile  of  the  e-beam. 

The  new  voltage  pulse  system  with  its  greater  potential,  has  required  some 
modifications  to  be  made  to  the  existing  diode  to  still  produce  a  high  quality 
beam  with  little  scraping  of  the  beam.  The  main  modifications  in  the  design 
of  the  higher  voltage  cold  cathode  are  the  necessary  increase  in  the  anode  cath¬ 
ode  spacing  and  the  addition  of  a  semicircular  rim  to  the  Pierce  like  electrodes 
to  reduce  field  enhancement  at  the  edge  of  the  electrodes.  The  results  of  the 
computer  model  are  shown  in  table  1,  alongside  the  results  of  the  original  Pierce 
diode. 
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Table  1.  Results  of  computer  modelling  of  CARM  cathodes. 


Cathode 

Original  Pierce 
Cold 

Modified  Pierce 
Cold 

Thermionic 

Operating 

Voltage 

300  kV 

450  kV 

500  kV 

Diode  Current 

60  A 

40  A 

30  A 

Beam  Current 

60  A 

40  A 

30  A 

Emission  Current 
Density 

44  82  Acm“‘^ 

23  — y  30  Acm  ^ 

2.3  -)■  2.7  Acm-^ 

Parallel 

Velocity  /c 

0.683  ±  0.026 

0.8452  ±  0.0005 

0.8618  ±  0.0003 

Perpendicular 
Velocity  /c 

0.042  zb  0.019 

0.0389  ±  0.0117 

0.0302  ±  0.0086 

Pulse  Duration 

100  ns 

100  ns 

>  1  /iS 

z(m) 


FIG.  4.  CARM  electron  optical  system  with  a  cold  cathode. 

As  the  new  power  supply  is  capable  of  producing  a  longer  pulse,  to  take 
advantage  of  this  a  thermionic  cathode  has  been  developed.  The  most  significant 
modification  to  the  diode  geometry  in  the  design  of  the  thermionic  cathode  is 
the  convergence  of  the  beam.  This  was  made  necessary  by  the  fact  that  a  high 
current  density  is  required  at  the  anode  aperture  and  the  achievement  of  such  a 
current  emission  density  from  a  thermionic  cathode  would  be  almost  impossible, 
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and  would  most  certainly  give  a  very  short  lifetime  cathode.  The  CARM  electron 
optical  system  with  a  thermionic  cathode  is  shown  in  Fig.  5. 


0.2 


0 


z(m) 

Fig.  5.  CARM  electron  optical  system  with  a  thermionic  cathode. 


The  computer  modelling  has  enabled  Pierce  electrodes  to  be  designed  for 
the  CARM  electron  gun  virtually  removing  the  need  for  scraping  the  electron 
beam  and  producing  a  higher  quality  beam  which  has  resulted  in  a  more  effi¬ 
cient  operation  of  the  CARM.  The  experimental  measurements  of  the  electron 
beam  transport  and  the  CARM  microwave  output  confirm  the  predictions  of  the 
computer  modelling. 

This  ability  to  use  all  of  the  electron  beam  means  that  CARMs  can  now  have 
a  high  enough  real  efficiency  to  be  considered  seriously  for  applications. 


6.  Superradiance  phenomena 

Superradiance  (SR)  and  associated  subjects  such  as  the  self-amplification  of 
spontaneous  emission  (SASE)  and  the  self-amplification  of  coherent  spontaneous 
emission  (SACSE)  in  free  electron  systems  have  become  of  considerable  interest 
in  recent  years.  Following  considerable  theoretical  research  of  several  pioneers 
in  the  field  including  N.S.  Ginzburg,  R.H.  Bonifacio  and  B.W.J.  McNeil,  whose 
earlier  papers  are  referenced  in  the  more  recent  literature  [19,  21,  24,  27],  it 
has  now  become  possible  to  demonstrate  experimentally  such  phenomena  for 
microwave  wavelengths  in  free  electron  systems,  [24,  27].  Superradiant  emissions 
of  millimetre-wave  radiation  have  been  studied  by  passing  single  short  bunches 
of  electrons  through  several  types  of  free  electron  radiating  systems.  The  exper¬ 
iments  reported  include  cyclotron,  Cherenkov  (including  BWO)  and  FEL  super- 
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radiance.  Robb  et  al.  [19]  in  their  theoretical  treatment  of  superradiation  pulses 
in  an  FEL  system  gave  several  references  to  the  earlier  works  on  superradiation. 
Recently  cyclotron  superradiance  has  been  observed  [24].  New  experimental  re¬ 
sults  from  wiggler  (FEL),  rippled  wall  BWO  and  dielectric- lined  waveguide  for¬ 
ward  wave  Cherenkov  superradiance  experiments  have  recently  become  available. 
Some  of  the  applications  of  these  novel  superradiant  sources  are  also  of  interest 
as  they  provide  MW  pulses  at  subnanosecond  pulse  durations.  This  superra¬ 
diance  phenomenon  includes  features  present  in  both  stimulated  (selfbunching 
and  coherence)  as  well  as  spontaneous  processes  (absence  of  threshold).  It  is 
reasonable  to  consider  SR  in  a  specific  situation  when  the  electron  pulse  dura¬ 
tion  significantly  exceeds  the  wavelength  (otherwise  it  is  effectively  traditional 
spontaneous  emission  without  selfbunching)  while  at  the  same  time  the  elec¬ 
tron  pulse  length  is  less  than  the  interaction  length.  This  is  in  contrast  to  the 
mechanism  of  stimulated  emission  of  quasi-continuous  electron  beams  which  are 
used  extensively  in  microwave  electronics  -  TWT,  BWO,  CRM,  FEL,  etc.  We 
have  carried  out  a  series  of  experiments  to  observe  free  electron  superradiance 
and  we  have  explored  a  range  of  different  interaction  mechanisms  ie  cyclotron, 
Cherenkov,  BWO  (effectively  another  variant  of  the  Cherenkov  mechanism)  and 
FEL.  A  RADAN  303  modulator  with  a  subnanosecond  pulse  sharpener  was  used 
as  the  driver  to  provide  the  intense  subnanosecond  electron  bunches. 

For  the  Cherenkov  maser  experiment  a  short  electron  bunch  was  passed 
through  a  dielectric-lined  waveguide.  Cherenkov  maser  emission  was  observed 
associated  with  the  forward  propagating  wave  under  the  Cherenkov  synchronism 
condition.  The  dielectric  material  used  was  Mylar  and  Teflon  in  tubular  form 
of  wall  thickness  2  mm  inserted  inside  a  metallic  circular  waveguide  of  inner 
diameter  10  mm  and  total  length  25cm.  A  guiding  magnetic  field  of  up  to  2T 
was  applied.  The  best  results  were  obtained  from  the  Mylar  insert  which  was 
constructed  from  multilayers  of  0.05  mm  thickness  film.  The  electron  bunch  of 
0.3  -  0.5  ns  and  0.2-1  kA  was  obtained  by  applying  a  subnanosecond  RADAN  303 
accelerator  pulse  of  250  kV  to  a  cold  explosive  emission  cathode.  The  electron 
pulse  was  long  compared  to  the  radiation  wavelength  but  short  compared  with 
the  length  of  the  interaction  region.  Cherenkov  maser  emission  pulses  of  sub¬ 
nanosecond  duration  were  observed  at  a  power  level  of  ~  1  MW  and  frequency 
range  38  -  48  GHz. 

Similarly  when  such  bunches  were  passed  through  the  periodic  slow-wave 
structure,  shown  in  Fig.  6,  and  interacted  with  backward  propagating  radia¬ 
tion,  generation  of  ultrashort  subnanosecond  megawatt  level  Ka  band  microwave 
pulses  based  on  BWO  superradiance  have  been  observed.  However,  in  these  first 
experiments  rather  low  guide  magnetic  fields  up  to  2T  were  used.  This  value  of 
magnetic  field  was  less  than  the  cyclotron  resonance  value.  At  the  same  time 
it  is  known  from  theoretical  considerations  and  previous  experimental  studies 
of  long  (5  -  30  ns)  pulse  relativistic  BWOs  that  as  the  magnetic  field  is  varied 
BWOs  have  two  operating  ranges  separated  by  the  cyclotron  absorption  region. 
Cyclotron  absorption  arises  when  cyclotron  resonance  conditions  are  fulfilled  for 
the  fundamental  harmonic  of  the  wave  propagating  in  the  periodic  structure. 
Based  on  this  experience  it  is  reasonable  to  assume  that  for  the  short  pulse  in¬ 
jection  regime  for  high  guide  magnetic  fields  the  peak  power  of  SR  spikes  should 
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be  several  times  higher  as  compared  with  those  attained  in  the  previous  exper¬ 
iments.  The  increased  power  should  be  related  first  of  all  with  the  improved 
quality  of  the  electron  bunch  injected  by  the  explosive-emission  cathode.  Note 
also  that  the  containment  of  the  electron  bunch  in  the  strong  magnetic  field 
gives  the  possibility  of  decreasing  the  gap  between  the  electrons  and  the  slow- 
wave  structure  and  as  a  consequence  there  results  a  substantial  increase  of  the 
electron  -electromagnetic  wave  coupling  and  the  related  gain.  A  superconduct¬ 
ing  magnet  was  used  in  a  new  series  of  experiments  to  generate  a  longitudinal 
magnetic  field  with  strengths  of  up  to  10  T.  Using  a  permanent  solenoid  instead 
of  the  pulsed  one  used  in  the  previous  experiments  permits  us  to  operate  in 
the  burst-repetitive  mode  (25  pps)  to  actually  create  a  novel  source  of  powerful 
subnanosecond  Ka  band  radiation. 


FIG,  6.  Experimental  configuration  of  the  BWO  (1)  the  cathode  (2)  the  superconducting 
solenoid  (3)  electron  bunch  (4)  slow- wave  structure. 

A  RADAN  303  accelerator  with  a  subnanosecond  sheer  was  used  to  inject 
0.3  -  0.5  ns,  0.1-1  kA,  220  keV  electron  pulses  into  a  wiggler  structure  (Fig.  7). 
A  short  duration  electron  pulse  was  generated  when  this  sub-nanosecond  voltage 
pulse  was  applied  across  a  magnetically-insulated  coaxial  diode  which  utilised  a 
cold,  explosive-emission  cathode.  The  fast  electron  bunch  current  and  accelerat¬ 
ing  voltage  pulse  were  measured  using  a  strip  line  current  probe  and  an  in-line 
capacitive  probe  respectively.  For  measurement  of  the  radiation  a  hot-carrier 
germanium  detector  which  had  a  transient  characteristic  of  200  ps  was  used. 
High-current  electron  pulses  were  transported  through  the  interaction  space  of 
total  length  up  to  30  cm  in  a  longitudinal  guide  magnetic  field  of  up  to  1.4  T.  The 
electron  beam  diameter  was  4  mm.  Transverse  momentum,  was  imparted  to  the 
electrons  by  the  helical  wiggler.  Adiabatic  tapering  of  the  wiggler  entrance  was 
used  to  provide  smooth  excitation  of  bounce-oscillations.  In  the  regular  section 
of  the  wiggler  with  total  length  20  cm  and  period  of  1.6  cm  electrons  moved  along 
helical  trajectories  with  constant  longitudinal  velocity.  It  was  possible  to  switch 
the  direction  of  the  guide  magnetic  field.  To  facilitate  the  transportation  of  the 
high-current  electron  bunch  through  the  interaction  space  the  magnitude  of  the 
uniform  magnetic  field  needs  to  be  rather  high  and  to  exceed  1  T.  In  this  case  the 
strength  of  the  magnetic  field  slightly  exceeded  the  cyclotron  resonance  value. 
The  superradiant  pulses  with  typical  duration  300  -  500  ps  have  been  observed 
for  both  (conventional  and  reverse)  directions  of  the  guide  magnetic.  The  max- 
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imum  radiation  power  was  obtained  for  a  conventionally  directed  magnetic  field 
of  1.3  T.  This  result  can  be  explained  by  the  fact  that  under  the  experimental 
parameters  the  transverse  electron  velocity  for  the  conventional  magnetic  field 
direction  exceeds  the  similar  value  under  reverse  field.  The  optimal  amplitude  of 
the  wiggler  field  was  about  0.2  T.  According  to  measurements  of  the  mode  pat¬ 
tern  the  radiation  was  associated  with  excitation  of  the  operating  mode  TEu. 
The  spectrum  measurements  using  cut-off  waveguides  and  metallic  grids  show 
good  agreement  with  the  frequency  which  is  predicted  from  the  FEL  disper¬ 
sion  relation.  The  radiation  frequency  was  approximately  28  GHz.  Note  that 
the  waveguide  diameter  9.8  mm  and  wiggler  period  were  chosen  to  match  the 
grazing  condition  for  the  operating  TEu  mode.  As  follows  from  the  theoretical 
considerations  for  waveguide  propagation  of  radiation  there  are  some  advantages 
(like  increasing  gain)  in  generation  of  SR  pulses  under  grazing  conditions  when 
the  electron  bunch  velocity  coincides  with  the  electromagnetic  wave  group  veloc¬ 
ity.  It  should  be  noted  that  even  under  exact  grazing  conditions,  the  effects  of 
electronic  detuning  caused  by  finite  electron  beam  density  results  in  the  velocity 
of  the  electromagnetic  wave  differing  from  the  electron  bunch  drift  velocity  and 
hence  enabling  the  escape  of  electromagnetic  energy  from  the  electron  bunch. 
For  cyclotron  SR  this  was  proven  experimentally  because  in  this  case  it  was  pos¬ 
sible  by  variation  of  the  magnetic  field  and  hence  the  gyrofrequency  to  approach 
and  to  shift  the  dispersion  characteristic  from  the  grazing  condition.  In  the  case 
of  emission  in  a  wiggler  the  bounce-frequency  was  in  fact  determined  by  the  wig¬ 
gler  period  and  it  was  practically  impossible  to  mismatch  the  system  from  the 
grazing  condition.  Therefore  we  have  not  been  able  to  confirm  experimentally 
that  this  grazing  condition  is  the  preferred  one  for  the  production  of  wiggler  SR. 
The  radiation  power  is  quite  small  for  short  interaction  lengths  and  increases 
drastically  as  this  length  increases.  This  can  be  interpreted  as  the  natural  level 
of  spontaneous  emission  caused  by  the  electron  density  fiuctuations  as  well  as 
the  radiation  from  the,  front  edges  of  the  pulse  being  relatively  small,  while  the 
observed  electromagnetic  pulse  behaviour  is  related  with  the  development  of  lon¬ 
gitudinal  selfbunching  and  coherent  emission  from  the  bunched  electron  pulse. 

The  observation  of  some  radiation  even  when  the  length  of  the  homogeneous 
section  of  the  wiggler  tends  to  zero  is  considered  to  be  due  to  two  factors.  Firstly 
there  is  some  magnetic  bremsstrahlung  produced  from  within  the  tapered  sec¬ 
tions  of  the  wiggler  and  secondly  even  in  the  absence  of  a  wiggler  field  there  is 
some  background  cyclotron  radiation  from  the  electron  motion  in  the  uniform 
guide  field.  The  maximum  length  of  the  homogeneous  part  of  the  wiggler  was 
not  sufficient  to  observe  the  nonlinear  saturation  regime.  For  the  present  exper¬ 
imental  configuration  the  maximum  power  of  the  SR  pulses  was  estimated  as 
being  in  the  range  100  -  200  kW. 

In  the  cases  of  the  cyclotron,  BWO,  Cherenkov,  and  FEL  microwave  interac¬ 
tions  ultra-short  (sub-nanosecond)  and  high-power  (multi-megawatt)  emissions 
identified  as  belonging  to  the  family  of  interesting  SASE,  SACSE  and  superra- 
diative  phenomena  have  been  identified  in  our  experiments.  In  the  FEL  experi¬ 
ments  carried  out,  single  electron  bunches  with  length  5  -  7  cm  passing  through 
a  wiggler  with  total  length  30cm  radiated  coherent,  short  300  -  500  ps  pulses 
at  a  wavelength  of  about  1.1  cm.  Based  on  the  experimental  results  and  the 


86 


A.  D.  R.  Phelps 


Fig.  7.  Experimental  configuration  of  the  FEL  interaction  region  (1)  cathode  (2)  anode  (3) 
guiding  field  solenoid  (4)  wiggler  coil  (5)  electron  pulse  (6)  drift  chamber  (7)  horn  (8) 

microwave  window. 


results  of  simulations  we  conclude  that  this  high-power  radiation  is  related  with 
the  development  of  selfbunching,  on  a  radiation  scale  length,  within  the  longer 
electron  bunch  during  just  a  single  passage  of  the  single  electron  bunch  through 
the  interaction  structure. 


7.  Conclusions 

Several  examples  have  been  presented  of  novel  electron  beam  sources  including 
ones  using  low  temperature  plasmas  and  FEAs.  The  pseudospark  discharge  has 
been  seen  to  produce  a  high  brightness  beam  that  can  be  used  for  exciting  free 
electron  devices  and  in  particular  a  pseudospark- driven  Cherenkov  maser  has 
been  demonstrated. 

The  gyro-TWT  has  been  shown  to  have  a  much  more  promising  performance 
as  a  high-power  amplifier  as  a  result  of  introducing  a  new  optimally  structured 
interaction  region. 

By  suitably  designing  the  electron  gun  a  thermionic  cathode  has  been  used 
to  excite  a  CARM  experiment  with  practically  a  100%  use  of  the  electron  beam. 

Very  short  pulses  of  electrons  have  been  produced  with  a  novel  short  pulse 
electron  accelerator.  The  interactions  of  these  propagating  short  electron 
bunches  with  the  appropriate  structures  have  been  shown  to  lead  to  a  range 
of  interesting  new  microwave  devices  including  superradiative  variants. 
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THEORY  OF  THE  PLASMA-SHEATH  TRANSITION 
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In  typical  cases,  a  quasi-neutral  plasma  body  is  shielded  from  a  negative  absorbing  wall  by  a 
positive  space  charge  sheath  with  a  characteristic  extension  of  some  electron  Debye  lengths  Ad  • 
Due  to  high  ion  losses  to  the  wall,  the  formaition  of  this  positive  sheath,  however,  may  depend 
on  special  conditions.  In  the  usual  case  of  a  small  Debye  length  (Ad  0),  Bohm’s  criterion 
must  be  fulfilled.  This  condition  requires  that  the  sheath  region  is  preceded  by  a  quasi-neutral 
presheath.  The  aim  of  this  paper  is  to  elucidate  the  principal  mechanism  of  the  plasma-sheath 
transition  and  to  discuss  various  problems  related  to  the  Bohm  criterion.  These  discussions 
include  the  influence  of  collisions,  magnetic  field  effects,  and  transient  sheath  phenomena. 


1.  Introduction 

Like  any  conducting  material,  a  plasma  is  essentially  neutral,  and  excess  charges 
can  exist  only  in  a  thin  surface  layer  with  a  characteristic  extension  of  some 
(electron)  Debye  lengths  Xd-  In  contrast  to  other  conducting  materials,  however, 
the  plasma  is  usually  bounded  by  absorbing  walls.  Due  to  the  high  mobility  of  the 
electrons,  the  walls  are  in  typical  cases  negative,  and  the  quasi- neutral  plasma  is 
shielded  from  the  negative  walls  by  a  positive  space  charge  sheath.  The  shielding 
mechanism,  however,  is  impeded  by  ion  losses  to  the  wall.  In  the  usual  case 
Xf)  L  -  where  L  is  the  smallest  competing  characteristic  length  of  the  plasma 
boundary  region  (e.g.,ion  mean  free  path)  —  a  sheath  can  only  be  formed,  if  the 
Bohm  criterion  [1,  2]  is  fulfilled.  In  its  simplest  form  it  requires  that  the  ions 
enter  the  sheath  region  at  least  with  ion  sound  velocity  Cg,  i.e., 

(1.1)  Vz>Cs  = 

with  Vz  =  ion  velocity  component  perpendicular  to  the  wall,  k  =  Boltzmann’s 
constant,  Tg  =  electron  temperature,  and  rui  =  ion  mass.  To  fulfill  this  condition, 
the  ions  must  be  accelerated  in  a  quasi- neutral  presheath  region  (possibly  the 
total  plasma)  with  an  extension  X^.  The  asymptotic  transition  Xd/L  0 
results  in  a  singular  two-scale  problem  (Fig.  1):  For  small  but  finite  Xd/L 
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FIG.  1.  Schematic  potential  vEtriation  in  the  plasma  {z  <  0)  in  front  of  a  negative  absorbing 
wall  {z  =  0).  (a):  Xd/L  small  but  finite,  (b):  Xd/L  ->  0,  presheath  scale,  (c):  Ad/L  -)•  0, 

sheath  scale. 


(Fig.  la)  the  electric  potential  ^  shows  a  steep  gradient  {d/dz  ~  l/Ajo)  in  the 
sheath,  and  a  weak  gradient  {d/dz  ~  l/L)  in  the  presheath.  In  the  limiting  case 
Ajd/L  ->  0  we  must  distinguish  the  separate  scales  x  —  z/L  oi  the  presheath 
(Fig.  lb)  and  ^  =  z/Xu  of  the  sheath  (Fig.  Ic).  On  the  sheath  scale  [z  = 
0(Ai:>)]  the  presheath  [z  =  0{L)]  is  infinitely  remote  and  the  “sheath  edge”  is 
characterized  by  a  vanishing  field  {d^/d^  ^  0  for  ^  — oo).  On  the  presheath 

scale  [z  ~  0(L)],  in  contrast,  the  sheath  [z  =  0{Xd)]  is  infinitely  thin  and  the 
sheath  edge  is  (usually)  defined  by  a  field  singularity  {d^/dx  —  oo)  indicating 
the  transition  to  a  smaller  scale.  This  singularity  is  related  to  the  marginal 
(equality)  form  of  the  Bohm  criterion  [2,  3,  4,  5,  6]. 

Starting  from  the  principles,  we  want  to  discuss  in  this  paper  general  and 
special  problems  related  to  the  plasma-sheath  transition.  In  Sec.  2  we  present 
the  basic  ideas  of  the  two-scale  analysis  and  introduce  the  separate  sheath  and 
presheath  model  zones.  The  connecting  Bohm  criterion  is  discussed  in  more  de¬ 
tail  in  Sec.  3.  The  general  two-scale  considerations  are  concluded  in  Sec.  4  by  a 
more  sophisticated  investigation  of  the  sheath  edge.  In  Secs.  5  and  6  we  discuss 
special  presheath  and  sheath  problems,  and  Sec.  7  is  concerned  with  time  de¬ 
pendent  sheaths.  In  Sec.  8,  finally,  the  most  important  aspects  are  summarized. 

Due  to  its  strong  inhomogeneity,  the  plasma  boundary  layer  must,  in  prin¬ 
ciple,  be  investigated  kinetically.  The  kinetic  analysis,  however,  is  involved  and 
for  many  problems  of  practical  importance  not  available.  For  this  reason  (and 
for  the  reason  of  transparency)  we  restrict  our  presentation  basically  to  a  simple 
fluid  model.  We  shall,  however,  in  addition  discuss  all  important  consequences 
of  the  more  appropriate  kinetic  analysis. 


2.  Two-scale  analysis 


2.1.  Basic  equations 

To  elucidate  the  principal  problem,  we  consider  a  stationary  plasma  composed 
of  electrons  (e),  singly  charged  positive  ions  (z),  and  neutrals.  The  neutral 
component  constitutes  a  background  responsible  for  ionization  and  collisional 
friction.  Apart  from  that  the  neutrals  are  not  of  interest  for  us.  The  potential 
is  governed  by  Poisson’s  equation 


(2.1) 


g 

A$  = - (rii-ne). 

The  electron  density  rie  is  assumed  to  be  a  known  function 

(2.2)  rie  = 

of  the  electric  potential  [In  explicit  examples,  we  shall  use  the  Boltzmann 
factor  but,  in  principle,  ne(^)  may  be  an  arbitrary  monotonic  function].  For  the 
time  being  we  exclude  magnetic  fields  (see  Sec.  5.5)  and  start  from  the  ion  fiuid 
equations 


(2.3)  V-  {riiVi)  =  Si  and 

(2.4)  TUiVi-Vvi  =  “  (uci  +  rrii^i 

Tli  \  TliJ 

to  calculate  the  ion  density  ni.  Here,  designates  the  ion  flow  velocity,  Si  the 
ionization  rate,  and  Vd  an  effective  ion  collision  frequency.  The  ion  pressure 
=  mKTi  and  the  ion  temperature  Ti  are  assumed  to  follow  an  adiabatic  law 

(2.5)  Vpi  =  ^iKTiVrii ,  =  const , 

where  the  coefficient  7i  £  [1, 3]  depends  on  the  flow  conditions  [2,  7].  Finally,  we 
restrict  ourselves  to  (quasi)  one-dimensional  geometries  with 

(2.6)  =  V  =  e,-,  ^,y=--A=-, 

where  we  use  the  variation  A{z)  of  an  area  element  to  specify  the  geometry 
[e.g.,  A  =  47r(ii  ±  for  spherical  geometry].  In  accordance  with  Fig.  1,  the 
plasma  is  described  by  2^  <  0,  and  z  =  0  designates  the  wall  position.  With  these 
specifications  we  obtain  the  basic  equation  system 


(2.7) 

(2.8) 
(2.9) 


dz^  ^  A  dz 


dvi  Jif^Ti  drii 

dz  ^  dz  ^  Tli  dz 


to  determine  ^(2^),  Vi{z),  and  ni{z). 
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2.2.  Length  scales 

The  system  of  Eqs.  (2.7)-(2.9)  involves  four,  different  length  scales,  namely 

1)  the  Debye  length  Xd  =  ^  j 

2)  the  ion  mean  free  path  Ac  =  Cs/vcU 

3)  the  ionization  length  A^o  =  CsUs/Si,  and 

4)  the  curvature  radius  Rc  =  |A/A'|. 

Here,  we  refer  to  characteristic  charged  particle  densities  and  to  charac¬ 
teristic  ion  velocities  Cg.  (To  be  definite,  let  us  choose  the  sheath  edge  density 
and  the  ion  sound  velocity).  The  Debye  length  is  related  to  Poisson’s  equation, 
the  other  three  length  originate  from  the  ion  fluid  equations.  (In  Sec.  5.5  we 
shall  supplement  the  list  by  the  ion  gyro  radius  Qi),  Our  boundary  analysis  is 
concerned  with  the  smallest  of  these  ion  lengths,  i.e.,  with  L  mm{Xc,XioyRc)- 
The  asymptotic  case  Xd/L  0  results  in  a  separate  two-scale  problem  [8]: 
The  sheath  (scale  Xd  related  to  space  charges)  is  so  small  that  the  ion  processes 
with  the  characteristic  lengths  Ac,  A^o,  and  R  can  be  neglected.  Consequently 
the  sheath  is  planar  and  collisionless.  On  the  other  hand,  the  presheath  (scale 
L  related  to  the  ion  processes)  is  so  large  that  it  must  be  quasi-neutral.  (For 
a  formal  derivation  of  the  sheath  and  presheath  approximations  see  Appendix 
A).  Since  the  quasi-neutrality  approximation  reduces  the  order  of  the  differential 
equation  set,  the  presheath  (plasma)  solution  cannot  be  adapted  to  the  appro¬ 
priate  boundary  conditions  at  the  wall.  Consequently,  the  sheath  is  necessary  to 
connect  the  presheath  solution  with  the  wall. 


2.3.  Sheath  and  sheath  condition 

The  sheath  potential  ^  is  determined  by  Poisson’s  equation 


(2.10) 


^0  ^^2  P  6(77-2  ^e)  • 


The  “sheath  edge”  ($  =  0)  is  represented  by  the  boundary  condition 


(2.11)  d^/dz  0  for  z/Xd  —00 

of  a  decaying  wall  distortion  (transition  to  the  “larger”  plasma  scale  L  Xd, 
see  Fig.  Ic).  Observing  the  quasi-neutrality  rii  =  Ue  of  the  sheath  edge  ^  =  0, 
linearizing,  multiplying  with  the  fleld  strength  E  =  -d^/dz,  and  integrating 
yields 


(2.12) 

Consequently,  the 

sheath  condition 


+  % 

d^ 


$=o 


sheath 


dp 


edge  boundary  condition  requires  the  general 
d(ni  -  Tie) 

d^ 


(2.13) 


#=0 


$=0 


Theory  of  the  plasma- sheath  transition 
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To  evaluate  Eq.  (2.13)  we  refer  to  Eqs.  (2.8)  and  (2.9).  As  discussed  above, 
within  the  asymptotic  analysis  Xd/L  0,  the  sheath  scale  is  distinguished  by 
collisionless  ion  motion  and  planar  geometry.  Consequently,  we  have  Si  —  0^ 
Pci  "  0,  and  A  =  1.  (For  the  formal  justification  see  Appendix  A).  Eliminating 
dvi/dz  we  thus  obtain 

d^  rriivf  -  ji^Ti  ‘ 

Defining  an  electron  “screening  temperature”  T*  (see  Sec.  3.3)  by 


(2.15) 


dUe  erie 


we  obtain  from  Eqs.  (2.13)  -  (2.15)  the  general  hydrodynamic  Bohm  crite¬ 
rion 


(2.16)  mju?  >  mjCj  =  /t(T*3  +  'uTis) , 

where  the  index  s  refers  to  the  sheath  edge.  Bohm’s  original  criterion  [1]  refers 
to  Ti  =  0. 


2.4.  Presheath  and  sheath  edge 

In  the  presheath  (typical  scale  length  L  ^  A^^),  Si  Ud^  and  A!  must  not  be 
neglected.  On  the  other  hand,  we  have  quasi-neutrality  rii  =  rie  (see  Appendix 
A).  Utilizing  the  definition  of  Eq.  (2.15),  we  obtain  from  Eqs.  (2.8)  and  (2.9) 

dfh 

(2.17)  [mivf  -  k{T*  +  7iTi)]  -7^  =  miViineVd  +  2Si  -  UeA'/A) . 

az 

Obviously  we  have  a  singularity  duc/dz  =  ±oo  (and  hence  d^jdz  =  ±oo) 
if  the  bracket  [...]  on  the  left  hand  side  (Lh.s.)  vanishes,  i.e.,  if  the  Bohm 
criterion  (2.16)  is  fulfilled  with  the  equality  sign.  (For  the  exceptional  case 
that  the  right  hand  side  (r.h.s.)  vanishes  at  the  same  location  see  Sec.  4.1). 
Prom  hydrodynamics  we  know  the  corresponding  sound  barrier  singularity.  In  a 
plasma,  this  singularity  occurs  at  the  speed  of  ion  acoustic  waves.  It  indicates 
the  breakdown  of  the  quasi-neutral  approximation  and  represents  the  sheath 
edge  (see  Fig.  lb,  cf.  [3,  5,  9]).  Thus  we  have  the  important  result  that  the 
Bohm  criterion  (2.16)  is  fulfilled  usually  in  the  marginal  (equality)  form  (see 
Sec.  4.1). 


3.  The  Bohm  criterion 

The  Bohm  criterion  (2.16)  introduced  in  the  previous  section  is  a  necessary 
condition  for  the  decay  of  a  stationary  sheath  in  the  asymptotic  case  A^/L  0 
(see  Sec.  4.2).  It  was  derived  from  a  local  expansion  at  the  sheath  edge  and 
allows  no  statements  on  the  global  sheath  structure  (see  Sec.  6).  In  particular  we 
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'  emphasize  that  the  Bohm  criterion  is  no  sufficient  condition  for  a  stable  sheath 
and  no  sufficient  condition  for  a  monotonic  sheath. 

Usually  (see  Section  3.6,  3.7,  and  4.1),  the  Bohm  criterion  holds  with  the 
equality  sign  and  constitutes  an  important  boundary  condition  for  the  separate 
plasma  (presheath)  and  sheath  analysis.  In  this  section  we  shall  discuss  various 
generalizations  and  interpretations  of  the  Bohm  criterion. 


3.1.  More  than  one  positive  ion  component 

To  generalize  the  Bohm  criterion  for  different  positive  ion  components,  the  ion 
density  rii  must  be  replaced  by  the  total  positive  space  charge.  This  yields 


(3.1) 


EdiTli 


E 
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in  place  of  Eq.  (2.14),  where  i  now  is  an  index  denoting  the  various  ion  com¬ 
ponents.  Engaging  again  the  definition  (2.15)  we  thus  obtain  from  the  general 
sheath  condition  (2.13)  the  (hydrodynamic)  multicomponent  Bohm  criterion  [10] 
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where  the  index  s  again  refers  to  the  sheath  edge.  The  sheath  edge  charge 
densities  riis  and  in  this  relation  are  related  by  the  quasi-neutrality  condition 


(3-3)  , 

i 

but  they  are  not  apriori  known  and  must  be  calculated  self-consistently.  This  is 
a  difficulty  impeding  the  separate  presheath  and  sheath  analysis  in  multicompo¬ 
nent  plasmas. 

A  second  difficulty  arises  from  the  fact  that  there  is  only  one  Bohm  criterion, 
whereas  we  need  boundary  conditions  for  AT  >  1  ion  components.  This  sec¬ 
ond  difficulty  can  be  resolved  by  an  inspection  of  the  corresponding  presheath 
problem.  Replacing  again  erij  by  we  obtain  in  place  of  Eq.  (2.17) 
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Obviously  we  have  again  a  singularity  when  the  bracket  [...]  on  the  l.h.s. 
vanishes,  i.e.,  when  the  Bohm  criterion  (3.2)  is  fulfilled  in  the  equality  form.  For 
a  system  with  N  ion  species,  however,  there  is  not  only  one  singularity,  but  the 
bracket  vanishes  in  N  different  points  [10,  11].  Only  one  of  these  singularities 
(namely  that  located  immediately  in  front  of  the  wall)  is  related  to  the  sheath 
edge  and  to  Bohm’s  criterion.  The  remaining  N-1  singularities  are  located  in  the 
presheath  region  and  must  be  removed.  The  removal  of  these  singularities  yields 
the  missing  iV  -  1  boundary  conditions  mentioned  above.  Since  the  locations  of 
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these  singularities  are  not  apriori  known,  this  again  is  an  involved  self-consistency 
problem.  (A  similar  difficulty  arises  in  the  analysis  of  non-neutral  systems  [12]). 

3.2.  Kinetic  Bohm  criterion 

So  far  we  have  considered  only  the  hydrodynamic  approach.  The  (more  rigorous) 
kinetic  form  of  the  Bohm  criterion  is  easily  obtained  by  a  re-interpretation  of 
the  multicomponent  Bohm  criterion:  Considering  different  groups  of  ions  with 
equal  velocity  v  (and  hence  zero  temperature)  in  place  of  different  components, 
we  can  substitute 

(3.5) 

where  fi  denotes  the 
values 

(3.6)  {a)i  =  —  /  , 

ni  j 

we  thus  arrive  at  the  kinetic  Bohm  criterion 
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ion  distribution  function.  With  the  definition  of  average 


(3.7) 
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in  the  form  first  given  by  Harrison  and  Thompson  [13].  Again,  the  index  s 
refers  to  the  sheath  edge,  and  the  index  z  is  to  remind  that  we  are  concerned  in 
the  Bohm  criterion  with  the  velocity  component  perpendicular  to  the  wall  only. 
Prom  the  same  argument  it  is  only  a  little  step  to  account  both  for  different  ion 
groups  and  ion  species  and  to  write  down  the  multicomponent  kinetic  Bohm 
criterion  [10] 


(3.8) 
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It  should  be  observed  that  the  velocity  average  {v~'^)is  in  the  Bohm  criterion 
reflects  the  critical  density  contribution  of  slow  ions.  It  diverges  if  fi  does  not 
tend  to  zero  for  Vz  ^  0  (e.g.,  for  a  shifted  Maxwellian  ion  distribution). 

Simultaneously  this  critical  contribution  is  related  to  an  incorrect  point  in 
the  short  “derivation”  of  the  kinetic  Bohm  criterion  given  above.  By  the  way,  the 
same  mistake  was  made  in  numerous  papers  beginning  with  the  original  deriva¬ 
tion  of  Harrison  and  Thompson  (see  [14]):  The  linearization  utilized  in  Sec.  2.3  is 
valid  only  for  ^  <C  mivf/ei^  and  this  condition  is  violated  for  sufficiently  low  ion 
velocities.  Actually,  the  derivation  of  the  kinetic  sheath  condition  must  not  start 
from  Rel.  (2.13),  because  it  turns  out  that  the  space  charge  density  p  can  not 
be  expanded  in  powers  of  the  potential  Starting  from  the  correct  expansion 
(in  $^/^)  and  using  the  boundary  condition  Eq.  (2.11),  however,  the  results  of 
Eqs.  (3.7)  and  (3.8)  can  be  rigorously  confirmed  [2,  10]. 
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Like  in  the  hydrodynamic  case,  the  kinetic  Bohm  criterion  is  usually  fulfilled 
marginally  (i.e.,  with  the  equality  sign),  and  this  equality  form  is  closely  related 
to  the  sheath  edge  singularity  [6,  2].  Exceptions  from  this  general  rule  will  be 
discussed  in  Sec.  4.1. 


3.3.  Non-Max wellian  electrons 

For  Maxwellian  electrons,  the  temperature  T*  defined  by  Eq.  (2,15)  agrees  with 
the  thermodynamic  temperature  Tg  (Boltzmann  factor).  In  non-equilibrium 
situations,  however,  there  is  no  unique  way  to  define  a  temperature,  and  we 
must  distinguish  various  possible  definitions.  The  temperature  T*  of  the  Bohm 
criterion  is  identical  with  that  electron  temperature  determining  the  ion  sound 
velocity  and  the  Debye  length.  To  distinguish  it  from  the  familiar  energetic 
definition,  Godyak  et  al.  [15]  have  proposed  the  name  “screening  temperature” 
for  T*.  In  various  special  cases  (e.g.,  accounting  for  electron  emission  from  the 
wall  [2,  16,  17]),  T*  may  be  explicitly  calculated  from  Eq.  (2.15).  Generally,  it 
can  be  shown  (see  e.g.,  [10])  that  the  screening  temperature  corresponding  to  an 
arbitrary  electron  distribution  /e(v)  may  be  obtained  from  the  relation 


(3.9) 
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To  give  an  explicitly  example:  The  frequently  used  ansatz  of  a  “hyper-Gaussian” 
electron  distribution  fe  =  C exj){-mv^ /2woy  results  in  the  screening  tempera¬ 
ture 


(3.10) 


kt:  =  2«;or(^)/r(i) . 


3.4.  Negative  ions 

Negative  ions  (ei  <  0)  are  included  in  the  above  presentation,  if  they  fulfill  the 
same  conditions  as  the  positive  ions.  Indeed,  the  multicomponent  Bohm  criteria 
(3.2)  and  (3.8)  depend  only  on  the  squares  of  the  ion  charges  e^.  This  form  of  a 
negative  ion  Bohm  criterion  was  given  in  [18]. 

The  assumption  of  the  same  conditions  requires  in  particular  that  the  nega¬ 
tive  ions  traverse  the  sheath  and  are  absorbed  at  the  wall.  This,  however,  is  true 
only  for  high  ion  energies  (low  sheath  voltage  or  low  |ei|/mi,  e.g.,  for  negative 
dust  particles).  Usually,  negative  ions  are  refiected  and  cannot  penetrate  the 
sheath.  Consequently,  they  should  be  accounted  for  in  exactly  the  same  way  as 
the  electrons  are  [2,  19,  20].  Therefore  we  have  to  replace  eng  by  eng  — 
where  the  sum  is  extended  over  all  negative  ion  components  j.  Defining  in  anal¬ 
ogy  to  Eq.  (2.15)  effective  screening  temperatures  Tj  by 

(3  11) 

Uj  d^  nTJ  ’ 

we  obtain  Eqs.  (3.2)  and  (3.8)  in  the  modified  form  [10] 
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(3.12) 
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where  the  sum  on  the  l.h.s.  is  extended  over  the  positive  ion  components. 


3.5.  Relation  to  ion  acoustic  waves 


Starting  from  the  general  electrostatic  dispersion  relation  for  a  stationary  and 
homogeneous  system  and  neglecting  the  phase  velocity  uj/ k  in  comparison  to  all 
relevant  electron  velocities  (instantaneous  electron  reaction,  uj  <C  cf.  Sec.  7), 
we  obtain  the  ion  acoustic  dispersion  relation  [10] 


(3.13) 
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The  brackets  (}  denote  average  values  of  the  ion  terms.  Comparing  with 
Eq.  (3.8),  we  see  that  the  ion  acoustic  dispersion  relation  is  fulfilled  at  the  sheath 
edge  in  the  long  wavelength  (quasi-neutral)  limit  k\D  for  zero  phase  velocity 
a?//:  =  0,  if  the  kinetic  Bohm  criterion  is  fulfilled  marginally.  This  generalizes 
a  result  of  Allen  [4].  The  same  conclusion  results  if  the  corresponding  hydrody¬ 
namic  dispersion  relation  [10] 


(3.14) 


(1  + 


is  compared  with  Eq.  (3.2). 

This  relation  enables  an  interpretation  of  the  Bohm  criterion  in  terms  of  an 
information  loss  at  the  sheath  edge  [21]:  Low  frequency  (a?-)-0)  long  wavelength 
{kXn  — ^  0)  ion  acoustic  waves  generated  by  the  wall  distortion  cannot  pene¬ 
trate  into  the  quasi-neutral  plasma.  This  interpretation  is  closely  related  to  the 
boundary  condition  (2.11)  and  to  the  fact  that  we  have  one  universal  presheath 
solution  for  various  wall  conditions  (see  Sec.  2.2). 


3.6.  Relation  to  the  ion  acoustic  sound  barrier 

In  Sec.  2.4  we  have  argued  that  the  quasi- neutral  solution  breaks  down  with  a 
field  singularity  d^/dz  —oo  if  the  ions  attain  ion  sound  speed  (ion  acoustic 
sound  barrier).  Within  the  presheath  we  have  therefore  Vi  <  Cs.  On  the  other 
hand,  the  sheath  requires  Vi>  Cg.  Prom  these  statements  it  appears  self-evident 
[3,  5,  9]  that  the  sheath  edge  is  distinguished  as  well  (i)  by  a  field  singularity 
d^ I dz  —  oo  as  (ii)  by  the  marginal  validity  {vis  =  Cg)  of  the  Bohm  criterion. 

It  should  be  noted,  however,  that  the  formation  of  a  shielding  sheath  is  ac¬ 
tually  possible  for  all  ion  velocities  Vig  >  Cg.  Consequently,  if  the  quasi-neutral 
approximation  does  not  break  down  with  a  singularity,  the  Bohm  criterion  may 
be  o?;er-satisfied,  and  the  plasma  solution  may  merge  smoothly  into  the  sheath 
(cf.  Secs.  4,1  and  7.1). 
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3,7.  Smooth  plasma-sheath  transition 

Recalling  that  the  Bohm  criterion  is  equivalent  to  Eq.  (2.13),  it  appears  evident 
that  its  marginal  validity  guarantees  a  smooth  transition  at  the  sheath  edge:  The 
sheath  solution  merges  with  continuous  slope  dp/d^  =  0  into  the  quasi- neutral 
presheath  solution  p  =  0. 

Even  though  this  interpretation  is  very  suggestive,  it  should  be  used  with 
some  care.  First,  there  are  exceptions  from  the  rule  that  the  Bohm  criterion  is 
fulfilled  in  the  marginal  form.  Secondly,  in  Sec.  3.2  we  have  pointed  to  the  fact 
that  there  are  mathematical  problems  in  deriving  the  kinetic  Bohm  criterion 
from  Eq.  (2.13).  Finally,  it  should  be  observed  that  the  “smooth  transition” 
refers  only  to  the  potential  representation.  As  a  function  of  the  space  coordinate 
z,  in  contrast,  the  transition  shows  a  singularity  if  the  Bohm  criterion  holds 
marginally,  and  becomes  smooth  if  the  Bohm  criterion  is  oversatisfied.  These 
problems  lead  us  to  a  refined  discussion  of  the  plasma-sheath  transition. 


4.  Sheath  edge  and  plasma-sheath  transition 

The  quasi-neutral  presheath  (plasma)  and  the  plane  collisionless  sheath  are  de¬ 
scribed  by  completely  different  approaches.  As  a  consequence,  the  sheath  edge  - 
the  model  zone  interface  -  represents  a  critical  ’’point”  that  should  be  considered 
more  carefully.  The  refined  analysis  proves,  indeed,  so  delicate  that  there  are 
principal  differences  in  the  fiuid  and  in  the  kinetic  analysis. 


4.1.  Sheath  edge  and  held  singularity 

a)  Fluid  analysis 

Usually,  the  sheath  edge  is  defined  by  a  singularity  related  to  the  ion  sound 
speed  (see  Sec.  3.6).  There  are,  however,  exceptions  from  this  rule.  From 
Eq.  (2.17)  we  conclude  that  this  can  happen  only  if  the  bracket  (...)  on  the 
r.h.s.  vanishes  in  the  sonic  point  vi  ~  Cg.  Usually,  the  collision  term  UeVd 
and  the  ionization  rate  Si  make  the  bracket  positive.  In  widening  geometries, 
however,  the  term  n^A! jA  may  produce  a  change  of  sign  and  hence  enable  a 
smooth  transition  of  the  quasi- neutral  solution  through  the  sonic  point  (cf.  the 
supersonic  flow  in  a  Laval  nozzle).  For  illustration  we  consider  a  collisionless 
{j^ci  =  0)  cylindrical  plasma  column  (radius  R)  with  a  given  ionization  profile 
[22] 

(4.1)  Si  ^  exp(-r^/L^), 

Potential  profiles  resulting  from  a  quasi-neutral  cold  (Tj  =  0)  fluid  analysis 
are  shown  in  Fig.  2a. 

For  ratios  R/L  <  Xc  =  1.5286 . . .  the  ionization  term  dominates  the  geometry 
effect,  and  we  find  physically  valid  solutions  (fat  lines)  starting  in  the  origin  and 
ending  at  r  =  R  in  a  turning  point  representing  the  sheath  edge  singularity.  For 
R/L  >  Xcy  however,  the  effect  of  the  widening  geometry  prevails  in  the  outer 
region  of  the  column,  and  the  sonic  point  is  passed  smoothly  within  the  plasma 
body  at  r  =  XqL.  At  this  point  all  information  on  the  boundary  condition  at  the 
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Fig.  2.  Radial  potential  profiles  in  a  collisionless  cylindrical  plasma  column  with  an 
ionization  rate  described  by  Eq.  (4.1),  quasi-neutral  analysis  [22].  The  turning  points  (marked 
by  small  horizontal  lines)  represent  the  sheath  edge  and  terminate  the  physical  validity  of  the 
curves,  (a):  Cold  fluid  approach,  Xc  =  1.5286  . . .  (b):  Kinetic  analysis. 


wall  is  lost  (cf.  Sec.  3.5).  Consequently,  the  quasi-neutral  potential  profiles  for  all 
ratios  R/L  >  Xc  are  represented  by  one  universal  curve  describing  simultaneously 
the  expansion  into  vacuum  {R  =  oo). 
b)  Kinetic  analysis 

Due  to  the  delicate  influence  of  slow  ions,  the  conclusions  presented  above 
cannot  be  simply  transferred  to  the  kinetic  analysis  of  the  sheath  edge.  Starting 
from  the  stationary  ion  Boltzmann  equation 


(4.2) 


^  ^  e  dfi 
^  dz  rui  dz  dvz 
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the  following  results  can  be  derived  [2,  6,  10]: 

(a)  The  sheath  edge  shows  the  usual  field  singularity  if  the  “source  function”  C 
does  not  exactly  vanish  for  Vz  =  0. 

(b)  If  the  sheath  edge  field  is  singular  or  if  the  source  function  C  is  symmetric 
in  Vz,  the  Bohm  criterion  is  fulfilled  marginally. 

(c)  If  the  sheath  edge  field  is  finite  and  the  source  function  is  not  symmetric, 
the  Bohm  criterion  is  over-satisfied. 

Except  for  artificial  models  (e.g.,  [23,  24])  with  academic  source  terms  C, 
in  a  kinetic  analysis  the  sheath  edge  is  therefore  always  distinguished  by  a  field 
singularity  and  by  the  marginal  form  of  the  Bohm  criterion.  This  is  in  ap¬ 
parent  contradiction  to  the  fluid  analysis.  Considering  again  the  collisionless 
plasma  column  with  an  ionization  rate  given  by  Eq.  (4.1),  we  can  perform  the 
corresponding  kinetic  analysis  [22].  The  resulting  potential  profiles  are  shown 
in  Fig.  2b.  In  accordance  with  the  statements  given  above,  all  potential  curves 
now  end  in  a  field  singularity  representing  the  sheath  edge.  Comparing,  however, 
Figs.  2a  and  2b  in  detail,  shows  that  the  apparent  contradiction  is  actually  of 
minor  importance.  (For  a  more  detailed  discussion  see  [22]). 
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4.2.  Plasma-sheath  transition  for  finite  Ad 

Returning  to  the  usual  case,  the  sheath  edge  is  distinguished  by  a  field  singularity 
d^/dz  —00  in  the  quasi-neutral  presheath  analysis.  On  the  sheath  scale,  in 
contrast,  the  sheath  edge  is  defined  by  the  boundary  condition  d^/dz  0  of 
vanishing  field  [see  Eq.  (2.11)].  This  singular  behaviour  was  occasionally  regarded 
as  a  lack  [25]  or  even  contradiction  [26]  of  the  asymptotic  two-scale  analysis. 
Various  attempts  have  therefore  been  made  to  eliminate  this  “drawback”  by  a 
criticism  [25,  27]  or  modification  [26,  28,  29,  30]  of  the  Bohm  criterion.  These 
attempts,  however,  miss  the  kernel  of  the  problem  and  are  suitable  to  blur  the 
correct  interpretation  of  the  two-scale  analysis  [31,  32]. 

Actually,  there  is  a  principal  problem  for  all  —  even  arbitrarily  small  — 
values  of  £  =  Xd/L:  Due  to  the  sheath  edge  singularity  the  presheath  and 
sheath  solutions  cannot  be  matched  smoothly.  This  problem  is  closely  related  to 
the  problem  of  a  consistent  definition  of  the  sheath  edge  for  finite  s  —  Xd/L,  To 
solve  these  problems,  the  transition  region  near  the  sheath  edge  must  be  analysed 
accounting  both  for  space  charge  and  for  the  dominant  presheath  processes. 
For  small  scale  ratios  Xd/L  -C  1  this  leads  us  to  an  “intermediate  scale”  [33] 
with  a  characteristic  scale  length  with  Xd  <  ^  L.  Intermediate  scale 

investigations  were  performed  for  various  special  problems  [34,  35,  36,  37,  38]  . 
We  shall  sketch  here  the  basic  ideas  and  discuss  the  solution, 
a)  Fluid  analysis 

To  analyse  the  transition  region  near  the  sheath  edge  we  start  from  Poisson’s 
equation  (2.10).  The  electron  density  ne(^)  is  a  given  function  of  the  potential 

To  account  for  the  different  mechanisms  of  the  presheath  and  of  the  sheath 
,  we  write  the  ion  density  formally  in  the  two  argument  form  nj(^,  z).  The  first 
argument  $  represents  the  dynamic  density  decrease  caused  by  a  collisionless  field 
acceleration  in  plane  geometry,  and  the  second  argument  jz:  is  used  to  account  for 
the  influence  of  the  presheath  processes  [geometry  (A),  collisional  friction  {ud), 
and  ionization(S'i)  see  Eqs.  (2.8)  and  (2.9)]. 

We  characterize  the  sheath  edge  by  z  =  0  and  ^  =  0  and  expand  n*  and 
ng.  Since  the  sheath  edge  is  quasi- neutral  and  the  Bohm  criterion  holds  in 
the  equality  form,  we  have  Uis  =  Ues  and  dni/d^\o  =  dng/d^jo  (see  Sec.  3.7). 
Neglecting  higher  order  terms,  Poisson’s  equation  therefore  reads 


(4.3) 


gp  _  1  d^jUj  -  Ue)  2  ^ 

e  2  ^  dz  0 


To  compare  the  relative  significance,  we  denote  the  terms  in  Eq.  (4.3)  by 
(I),  (II),  and  (III):  The  space  charge  density  (I)  related  to  the  curvature  of 
the  potential  is  balanced  with  the  sheath  dynamics  (II)  and  with  the  presheath 
processes  (III).  In  the  sheath  analysis  the  term  (III),  and  in  the  presheath  analysis 
the  term  (I),  is  neglected. 

Within  the  transition  region  all  three  terms  have  the  same  order  of  magni¬ 
tude.  If  we  denote  the  typical  length  scale  of  the  transition  region  by  and  the 
typical  magnitude  of  the  potential  by  we  can  estimate  the  orders  of  magni¬ 
tude  of  the  three  terms  by  simple  scale  arguments.  Denoting  the  typical  charged 
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particle  density  by  and  utilizing  the  temperature  definition  of  Eq.(2.15)  we 
find 


e  ’ 

>=  ''■m 


and 


Equating  the  orders  of  magnitude,  we  find  the  appropriate  scaling  [34,  35,  38] 


and 


of  the  transition  region.  The  significance  of  this  transition  region  can  be  demon¬ 
strated  with  accordingly  normalized  variables 


(4.6) 


z 


and 
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As  an  example,  we  show  in  Fig.  3  numerical  calculations  for  a  collision 
dominated  plasma  (L  =  Ac)  in  front  of  an  absorbing  wall  [38]. 

For  e  =  Ad/Ac  =  10"^  the  presheath  (Fig.  3a)  and  sheath  (Fig.  3b)  solutions 
resemble  the  asymptotic  structure  sketched  in  Fig.  1.  With  growing  e,  however, 
it  appears  arbitrary  to  distinguish  a  presheath  and  a  sheath  region.  Replot¬ 
ting  the  same  results  with  the  intermediate  scale  variables  (Fig.  3c),  a  common 
transition  region  for  all  values  of  e  becomes  apparent. 

By  an  appropriate  definition  of  (  and  w  (see  Appendix  B) ,  Poisson’s  equation 
(4.3)  for  the  asymptotic  intermediate  scale  potential  variation  can  be  brought 
into  the  universal  form 


(Pw  2 


Here,  the  term  represents  the  space  charge,  and  the  term  ^  on  the 

r.h.s.  all  presheath  processes.  Neglecting  these  terms,  respectively,  we  find  the 
‘deft”  and  “right”  asymptotic  limits 


representing  the  presheath  {wi)  and  sheath  (wr)  approximations  on  the  inter¬ 
mediate  scale.  With  the  boundary  condition  w  Eq.  (4.7)  can  be  solved 

numerically.  The  result  shown  in  Fig.  4  demonstrates  that  there  is  indeed  a  uni¬ 
versal  continuous  solution  ?x;(C)  merging  smoothly  into  the  presheath  and  sheath 
limits  wi  and 

For  £  =  Xd/L  ^  ^  the  whole  transition  region  (  =  0(1),  w  =  0(1)  is  mapped 
into  one  presheath  point  z/L  ^  0?  e^/nT*  ~  — >■  0:  The  sheath 

edge.  The  corresponding  sheath  limit  z/Xd  ~  “OO,  e^/nT*  0 

confirms  the  sheath  boundary  condition  (2.11).  The  electric  field 
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Fig.  3-  Potential  profiles  of  a  collision  dominated  plasma  (constant  collision  frequency  i/cii 
Ac  =  Cs/uci)  in  front  of  a  wall,  e  =  Xd/Xc  =  10”^  ...  1.  (a):  Presheath  scale,  x  =  z/Xc, 
ip  =  —e^/KTe.  (b):  Sheath  scale,  i  =  z/Xd^  (p  —  —e^/nTe.  (c):  Intermediate  scale, 

C  =  E~^^'^zlXc,  w  = 
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Fig.  4.  Asymptotic  potential  variation  on  the  intermediate  scale  [see  Eqs.  (4.6)  and 
(4.7)].  The  limiting  curves  wi{^)  and  u;r(C)  represent  the  presheath  and  sheath 
approximations  [(see  Eq.  (4.8)]. 


of  a  vanishing  sheath  edge  field  on  the  sheath  scale  and  an  infinite  field  on  the 
presheath  scale  without  any  contradiction. 

With  growing  e  the  extension  of  the  sheath  transition  region  grows,  and  the 
definition  of  a  sheath  edge  becomes  fuzzy.  Correspondingly,  the  ion  velocity 
range  [cf.  Eq.  (B2)] 

(4.11)  Vi/cs  =  1  + 

of  the  transition  region  confirms  the  marginal  validity  Vi  =  Cs  of  the  Bohm 
criterion  for  e  =  0  and  makes  the  definition  of  a  limiting  velocity  gradually 
unsharp  for  0  <  e  1  [38].  For  e  >  0(1),  finally,  there  is  no  basis  for  a  scale 
separation  and  no  Bohm  criterion. 

(b)  Kinetic  analysis 

Due  to  the  critical  density  contribution  of  slow  ions,  in  a  kinetic  analysis  ni 
cannot  be  expanded  in  powers  of  ^  (cf.  Sec.  3.2),  and  the  term  (II)  in  Eq.  (4.3) 
must  be  replaced  by  a  term  of  the  form  where  the  order  of  magnitude 

of  the  coefficient  B  is  given  by  Usiej .  Correspondingly,  the  term  (II)  in 
Eq.  (4.4)  must  be  replaced  by 


(4.12) 


(II')  - 


Following  the  same  steps  as  above,  we  obtain 
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(4.13) 


m 


L  y 


and 


E'm- 


kT* 

eX^^L^n  ■ 


This  ’’regular”  kinetic  scaling  was  rigorously  derived  in  [2],  but  until  now 
never  confirmed  in  explicit  models.  Existing  models  [36,  37]  result  in  the  “sin¬ 
gular”  scaling 


(4.14) 


and 


E 


m 


kt: 

eAp/®L5/9 


of  the  transition  region.  This  different  scaling  is  caused  by  an  enhanced  influence 
of  slow  {mivf  e^rn)  ions  [2],  if  a  singular  source  term  C  J(v)  is  used  in 
Eq.  (4.2).  In  a  rough  estimate  we  can  account  for  this  by  a  modified  contribution 


(4.15)  (inO-(/^T;/e^^)i/2(iii) 

in  Eq.  (4.4).  The  comparision  of  (I),  (Iff),  and  (III')  confirms  Eq.  (4.14). 


5.  The  presheath 

The  integration  of  the  sheath  equations  is,  in  principle,  straight  forward  (see 
Sec.  6).  The  presheath  analysis,  in  contrast,  involves  the  full  difficulty  of  an  in¬ 
homogeneous  plasma  in  a  self-consistent  field.  The  presheath  region  may  include 
the  intire  plasma  body  in  some  cases  (e.g.,  the  collisionless  plasma  column).  In 
other  cases  it  may  be  advantageous  to  consider  a  separate  presheath  model  with 
an  extension  L  small  compared  with  the  plasma  extension  A  (e.g.,  the  Knud- 
sen  layer  of  a  collision  dominated  plasma  [39]).  We  don’t  want  to  present  here 
involved  specific  plasma  models  but  we  are  interested  in  general  features. 


5.1.  The  mechanisms  of  the  presheath 

The  sheath  condition  (2.13)  requires  that  the  dynamic  ion  density  decrease  at 
the  sheath  edge  must  not  exceed  the  electron  density  decrease.  Of  course  this 
condition  must  be  also  fulfilled  in  the  quasi-neutral  presheath.  Since  the  Bohm 
criterion  is  not  fulfilled  in  the  presheath,  there  must  be  a  mechanism  lessening 
the  ion  density  decrease  by  field  acceleration.  Let  us  demonstrate  this  for  the 
CcLse  of  cold  ions  (T^  =  0)  [2]. 

We  start  from  the  logarithmic  derivative  of  the  ion  current  density  =  mvi. 
Utilizing  the  quasi-neutrality  rii  =  rig  and  engaging  the  temperature  definition 
(2.15)  we  obtain 


(5.1) 


^  f  ^2  2^  I 

mivl  dz  \  2  ^  dz  ~  ji  dz  ' 


Since  the  Bohm  criterion  is  not  fulfilled  in  the  presheath,  we  have  kT*  /miU?  > 
1  and  hence 
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FIG.  5.  Potential  profiles  of  elementary  presheath  models  [2]  (Ti  =  0,  Tg  =  const, 

He  =  ns  exp(— e^//cTe)).  a:  Geometric  presheath  (Plasma  in  front  of  a  spherical  probe  [40], 
X  =  {r  —  R)/R).  b:  Collisional  presheath  (Charge  exchange  model  with  constant  mean  free 
path  Ac,  X  =  z/Xc).  c:  Ionization  presheath  (Plane  symmetric  plasma  [50], oc  rte/L^ 

X  =  z/L), 


(5.2) 


_£ 

dz 


(?»?-*)< 


ji  dz  ‘ 


Consequently,  in  the  presheath  (i)  the  ion  current  density  ji  increases  ap¬ 
proaching  the  wall  and/or  (ii)  the  total  ion  energy  decreases  due  to 

a  retarding  force.  The  presheath  mechanism  is  therefore  based  on  at  least  one 
of  the  following  effects: 

a)  Concentrating  geometry  (=>  ion  current  density  increase) 

b)  Collisions  (=>  ion  retardation  by  friction) 

c)  Ionization  (=^  current  increase  and  effective  retardation). 

Remembering  that  we  have,  so  far,  considered  only  one  space  direction  {z) ,  we 
must  take  into  account  the  additional  possibility  that  energy  is  transferred  into 
ion  velocity  components  parallel  to  the  wall.  This  enables  a  fourth  mechanism: 

d)  Magnetic  field  (=^  ion  orbit  defiection). 

In  our  basic  equations  (2,7)-(2.9)  we  have  accounted  for  the  effects  a)-c).  In 
the  following  we  shall  briefiy  discuss  typical  features  of  presheath  solutions  dom¬ 
inated  respectively  by  one  of  these  effects  (see  Fig.  5).  The  magnetic  presheath 
d)  will  be  discussed  in  Sec.  5.5. 


5.2.  Geometric  presheath 

The  mechanism  of  the  geometric  presheath  is  based  on  the  increasing  ion  current 
density  in  a  concentrating  geometry.  In  plane  or  in  a  widening  geometry  no 
presheath  is  possible  without  elementary  processes  (cf.  Sec.  4.1).  A  typical 
example  for  the  geometric  presheath  is  the  collisionless  plasma  (Ac  ':$>  R)  in 
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front  of  a  spherical  or  cylindrical  probe  of  radius  R.  Curve  a  of  Fig.  5  shows 
the  potential  profile  for  a  simple  cold  ion  model  in  spherical  geometry  [40],  the 
limit  r  =  oo  of  the  undisturbed  plasma  is  indicated  by  a  dashed  line.  The  quasi¬ 
neutral  potential  profile  ends  at  the  sheath  edge  with  a  field  singularity.  The 
total  potential  drop  «Te/2e  across  the  presheath  corresponds  to  the  minimum 
value  required  by  the  Bohm  criterion.  Due  to  the  angular  momentum  related  to 
the  thermal  ion  motion,  a  kinetic  analysis  of  the  geometric  presheath  is  involved 
[41,  42].  For  a  more  comprehensive  discussion  we  refer  to  discourses  on  probe 
theory  (e.g.,  [43]). 


5.3.  Collisional  presheath 

Describing  the  transport  in  a  collision  dominated .  plasma  in  the  approach  of 
diffusion  and  mobility,  the  quasi-neutral  approach  breaks  down  in  front  of  the 
wall  with  a  potential  divergence  [44] .  This  divergence  is  frequently  avoided  by  an 
artificial  cutoff  at  the  Bohm  velocity  [45] .  A  consistent  analysis  of  the  boundary 
layer,  however,  must  account  for  ion  inertia  [46].  Curve  b  of  Fig.  5  shows  the 
result  of  a  simple  fluid  analysis  [2].  Corresponding  kinetic  results  [47]  are  in 
qualitative  agreement.  Again,  the  quasi-neutral  solution  runs  into  the  typical 
sheath  edge  field  singularity.  Far  away  from  the  wall  {x  =  z/Xc  — oo)  the 
potential  profile  has  a  logarithmic  shape  indicating  that  there  is  no  undisturbed 
plasma;  A  small  residual  field  is  required  to  drive  the  ion  current.  This  shows 
that  the  pure  collisional  presheath  represents  only  a  boundary  region  (Knudsen 
layer,  extension  few  Ac)  of  the  collision  dominated  plasma.  Within  the  plasma 
body  ionization  and  geometry  must  be  accounted  for  [39]. 

With  respect  to  the  assumption  A^/Ac  — 0  of  the  asymptotic  analysis  it 
should  be  observed  that  this  condition  refers  to  the  local  Debye  length  at  the 
sheath  edge.  Due  to  the  strong  density  decrease  in  front  of  the  Knudsen  layer, 
this  basic  requirement  is  frequently  not  or  only  poorly  fulfilled  in  collision  dom¬ 
inated  plasmas.  Consequently,  it  must  not  surprise  if  the  Bohm  criterion  is 
violated  [48]  in  strongly  collisional  situations  (see  Sec.  4.2). 

5.4.  Ionization  presheath 

A  presheath  mechanism  governed  exclusively  by  ionization  is  realized  in  the 
Tonks-Langmuir  model  [49]  of  a  collisionless  plane  symmetric  plasma  between 
two  parallel  walls.  In  this  case  the  presheath  comprises  the  half  plasma  body 
extending  from  the  midplane  to  the  wall  (sheath  edge).  The  ionization  rate  Si 
and  the  plasma  extension  L  are  coupled  by  the  plasma  balance  (ion  production 
=  loss  to  the  wall) .  In  its  original  form,  the  system  refers  to  ions  generated  from 
cold  neutrals. 

The  famous  kinetic  analysis  [49]  of  this  problem  in  1929  represents  the  birth 
of  all  plasma-sheath  transition  analysis.  Beginning  with  the  work  of  Harrison 
and  Thompson  [13],  the  analysis  was  repeated  and  extended  in  numerous  papers. 
Cmve  c  of  Fig.  5  shows  the  potential  profile  from  the  midplane  {x  =  —0.404  in 
Fig.  5)  to  the  sheath  edge  {x  =  0)  in  a  cold  fluid  approach  [50]  with  Si  oc  rig. 
The  plasma  potential  drop  eA^/nTe  =  In  2  (resp.  =  0.854  in  kinetic  analysis) 
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is  higher  than  the  minimum  value  required  by  the  Bohm  criterion  (cf.  Sec.  5.2), 
This  shows  that  the  generation  of  ions  at  rest  can  be  interpreted  as  an  effective 
retardation  force. 

A  surprising  result  was  obtained,  when  Emmert  et  al.  [23]  investigated  a 
Tonks-Langmuir  model  accounting  for  the  production  of  hot  ions:  The  sheath 
edge  was  not  distinguished  by  a  field  singularity.  In  accordance  with  our  state¬ 
ment  in  Sec.  4.1,  this  strange  result  is  produced  by  an  artificial  source  term  in 
the  Emmert  model.  Corresponding  calculation  with  a  Maxwellian  source  [51] 
exhibited  the  usual  sheath  edge  singularity.  (For  a  more  detailed  discussion  of 
this  aspect  we  refer  to  [2,  24,  52]). 

The  plane  Tonks-Langmuir  model  is  particularly  suitable  to  exhibit  the  basic 
properties  of  the  ionization  presheath.  For  practical  applications,  however,  the 
corresponding  cylindrical  model  appears  more  relevant.  Of  course,  the  ionization 
mechanism  of  the  presheath  is  then  superimposed  by  the  effect  of  the  widening 
geometry.  This  can  cause  difficulties  if  the  ionization  mechanism  is  essentially 
restricted  to  the  plasma  kernel  [53]  (see  also  Sec.  4.1). 


5.5.  Magnetic  presheath 


The  mechanism  of  the  magnetic  presheath  is  based  on  the  ion  orbit  deflection  in 
a  strong  (more  or  less  wall  parallel)  magnetic  field  B.  To  provide  an  ion  transport 
to  the  wall,  we  must  account  for  field  lines  intersecting  the  wall  at  a  finite  angle 
a  =  arctanB^/jB_L  [54,  55]  and/or  for  collisions  [56].  Since  the  basic  differences 
in  these  transport  mechanisms  result  in  different  presheath  properties,  we  refer 
to  a  fluid  analysis  [57]  accounting  both  for  an  oblique  magnetic  fleld  and  for  ion 
collisions  (charge  exchange  with  constant  collision  frequency  Vd).  The  analysis 
assumes  a  Boltzmann  electron  distribution  and  starts  from  the  ion  momentum 
equation  [cf.  Eq.  (2.9)] 


(5.3) 


dvi 

rriiViz— — h 
dz 


jiKTi  duj  \ 

^  dz  Hi  dz  ) 


=  evi  X  B  -  UciiTiiVi . 


The  results  may  be  summarized  as  follows.  The  typical  extension  of  the 
magnetic  presheath  is  determined  by  the  ion  gyro-radius  Qi  =  Cs/cOc^  where 
ujc  =  eB_\_/mi  is  the  ion  cyclotron  frequency.  All  potential  profiles  (see  Fig.  6) 
exhibit  the  expected  sheath  edge  field  singularity  in  front  of  the  wall. 

In  the  plasma  region  (2:  -oo)  the  profiles  show  the  logarithmic  shape 

discussed  in  Sec.  5.3.  (An  undisturbed  plasma  region  is  obtained  if  ionization  is 
accounted  for  [58]),  At  the  sheath  edge  the  Bohm  criterion 


(5.4)  Viz  =  Cs  {z/Qi  ->  0) 

is  fulfilled  in  the  equality  form. 

For  high  collision  frequencies  (i^ci  '>  ojc  tan  a)  the  potential  profile  of  Behnel’s 
model  [56]  {a  =  0)  is  approached.  With  decreasing  collision  frequency  the  po¬ 
tential  drop  begins  to  increase  because  the  transport  across  the  magnetic  field 
lines  is  impeded.  With  further  decreasing  collision  frequency  {ud  <  Wctana) 
the  competing  transport  along  the  field  lines  gaines  growing  influence,  and  the 
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FIG.  6.  Potential  profiles  in  the  magnetic  presheath  for  tana  =  Bz/B±  =  0.01  and  various 
values  of  Vd]  Qi  =  Cs/wc.  B:  Behnel’s  model  (a  =  0,  Vci  =  0.03  cuc).  C:  Chodura’s  model 

{ud  -  0). 

potential  drop  decreases  again.  In  the  limiting  case  Vci  0  (Chodura’s  model 
[54,  55])  finally,  the  logarithmic  divergence  of  the  potential  for  -oo  disap¬ 
pears  and  the  potential  tends  to  a  constant  value:  Seemingly  there  is  now  an 
undisturbed  plasma  region. 

Investigating  the  dominating  presheath  mechanism,  we  find  a  competing  ef¬ 
fect  of  ion  friction  <  Cs)  and  ion  acceleration  in  E x B-direction  (uj||  >  Cg) 
depending  on  the  ion  flow  velocity  u^||  along  the  magnetic  field  lines.  For 
i/ci  ^  0.3  u^c  tan  a,  becomes  sonic  at  the  sheath  edge.  With  decreasing  collision 
frequency  the  sonic  point  is  shifted  into  the  plasma  region,  and  in  the  limiting 
case  z/ci/(i^ctana)  — 0  it  moves  to  z  =  — oo.  Consequently,  Choduras  model 
[54,  55]  is  subject  to  an  additional  Bohm  criterion 

(5.5)  =  Cs  {z/Qi  -oo) 

for  the  flow  along  the  magnetic  field  lines.  This  shows  that  there  is  actually 
no  undisturbed  plasma  region:  In  the  collisionless  limit  i^ci  =  0  the  magnetic 
presheath  is  preceded  by  a  plasma  presheath  accelerating  the  ions  to  ion  sound 
velocity:  The  total  presheath  mechanism  depends  therefore  always  on  collisions 
(or  other  “velocity  drivers”  [59]),  a  “pure”  magnetic  presheath  is  not  possible. 
Eq.  (5.5)  has  important  consequences  for  the  theory  of  probes  in  magnetized 
plasmas  [60,  61].  For  the  effect  of  drifts  we  refer  to  [62,  63]. 

In  principle,  the  above  fluid  analysis  must  be  considered  somewhat  question¬ 
able:  In  a  distance  of  some  Qi  in  front  of  the  wall  the  ion  orbits  are  “bent  open” , 
and  the  transition  from  closed  to  open  orbits  cannot  be  adequately  described  in 
fluid  theory.  Kinetic  analyses  [64,  65,  66],  however,  have  essentially  confirmed 
the  hydrodynamic  results. 


6.  The  sheath 

In  Secs.  2  and  4  we  have  studied  the  local  space  charge  formation  near  the 
sheath  edge.  Here,  we  are  interested  in  some  aspects  referring  to  the  global 
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sheath  structure. 

6.1.  Formal  integration  of  the  sheath  equations 

Starting  from  the  boundary  conditions  at  the  sheath  edge,  the  sheath  analysis 
is  straight  forward.  In  the  hydrodynamic  analysis  (cf.  Sec.  2.1)  the  r.h.s.  of 
Eqs.  (2.8)  and  (2.9)  becomes  zero.  Together  with  the  adiabatic  law  (2.5),  the 
equations  can  be  integrated  and  yield  ni  as  a  function  of  the  potential  The 
same  is  true  in  the  kinetic  analysis,  because  the  ion  distribution  fi{vi,^)  = 
/i5(b^  “2e^/mi]^/^)  is  explicitly  determined  by  the  ion  distribution  function  fis 
at  the  sheath  edge.  Observing  Eq.  (2.2),  the  r.h.s.  of  Poisson’s  equation  (2.10) 
is  therefore  a  known  function  of  Multiplying  with  d^/dz  and  engaging  the 
boundary  condition  (2.11)  we  can  integrate  analytically  and  obtain  in  the  case 
of  a  monotonic  sheath 


(6.1)  .  (^)  =  ^  J K(0)  -ni{4>)]d^. 

0 

A  second  integration  yields  the  space  coordinate  as  a  function  of  Con¬ 
sequently,  the  whole  sheath  analysis  is  reduced  to  simple  quadratures,  and  the 
intrinsic  difficulties  of  the  boundary  layer  problem  are  caused  by  the  presheath 
analysis. 


6.2.  Non-monotonic  sheaths 

The  validity  of  the  Bohm  criterion  excludes  oscillatory  solutions  near  the  sheath 
edge.  This  correct  statement  is  the  root  of  a  frequent  misunderstanding:  The 
Bohm  criterion  does  not  guarantee  an  over  all  monotonic  sheath  potential. 

The  fact  that  electron  emission  from  the  wall  can  cause  a  non-monotonic 
double  layer  is  known  since  Langmuir  [67]  and  was  described  in  detail  by  Prewett 
and  Allen  [17].  Negative  space  charges  in  the  sheath  can,  however,  also  be 
produced  by  hot  electrons  originating  from  the  plasma  [2]:  In  the  case  of  different 
negative  particle  components  (negative  ions  and/or  different  electron  groups), 
the  Bohm  criterion  and  the  sheath  edge  region  are  essentially  dominated  by  the 
coldest  component  [see  Eq.  (3.12)].  The  final  density  decrease  within  the  sheath, 
in  contrast,  is  determined  by  the  hottest  component. 


6.3.  Child-Langmuir  law  and  electron  step  models 

Assuming  cold  ions  {Ti  =  0)  and  Boltzmann  distributed  electrons  we  have 


TlgCs 


n« 


Vi  (1  -  2e#/KTe)l/2 
and  obtain  from  Eq.  (6.1) 


and 


Ue  =  Uc  exp  — —  , 


27^5 

^0 


Si)  +“"5; 


(6.3) 
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For  high  negative  sheath  voltages  we  may  neglect  terms  of  order  1  and  smaller 
in  comparison  to  e^/ nT^.  Utilizing  this  approximation  and  integrating  once  more 
we  obtain  the  Child— Langmuir  law  [68] 


where  jis  =  en^Cg  designates  the  ion  current  entering  the  sheath.  The  integration 
constant  zq  can  be  considered  as  an  approximate  representation  of  the  sheath 
edge  position.  For  high  sheath  voltages  e|<^o|  >  the  sheath  thickness 


(6.5) 


Ad 


is  therefore  large  compared  with  the  Debye  length  Ad- 

This  is  the  basis  for  electron  step  models:  The  extension  (<~  10 Ad)  of  the 
“Langmuir  sheath”,  i.e.,  that  part  of  the  sheath  where  electrons  are  still  im¬ 
portant,  is  small  in  comparison  to  the  thickness  d  of  the  “unipolar  ion  sheath”. 
Neglecting  the  Langmuir  sheath  width,  the  electron  density  profile  is  therefore 
modelled  by  a  step  at  z  =  s  with  rig  =  Ui  for  z  <  s,  and  ng  =  0  for  >  5. 

In  principle,  this  approximation  is  convenient  and  justified  for  sufficiently 
high  sheath  voltages.  It  should  be  observed,  however,  that  the  sheath  edge 
conditions  $  =  0,  d^/dz  =  0,  and  Vi  =  Cs  refer  to  the  plasma  side 

of  the  electron  step  and  must  not  be  used  as  boundary  conditions  for  the  ion 
sheath  [69].  To  give  an  explicit  rule,  let  us  assume  that  the  edge  of  the  unipolar 
ion  sheath  is  defined  by  ng  =  0.1  Neglecting  the  electron  correction,  we  then 
read  from  Eqs.  (6.2)  and  (6.3)  an  appropriate  set  of  boundary  conditions 


(6.6)  $  «  -2.3—  , 

e 


dz  cAd 


Ui  0.5n5 ,  Vi  «  2c^ 


for  the  “edge”  of  the  unipolar  ion  sheath. 


6.4.  Collisions  in  the  sheath 


For  high  sheath  voltages  the  sheath  thickness  d  is  large  compared  with  the  Debye 
length  Xd  [see  Eq.  (6.5)].  In  contrast  to  the  Langmuir  sheath,  the  unipolar 
ion  sheath  may  therefore  be  influenced  or  even  dominated  by  collisions,  even  if 
Xd  <  Xc  is  fulfilled.  Utilizing  a  “viscous  drag  model”  [70],  Eq.  (6.4)  can  be 
generalized  to  the  relation  [71] 


(6.7) 


127r  z—zo 
125  Ac 


accounting  in  a  convenient  way  for  charge  exchange  collisions  with  constant  mean 
free  path  A^.  Depending  on  the  ratio  {z-zo)/Xc,  Eq.  (6.7)  interpolates  between 
the  collisionless  limit  d  ~  of  Eq.  (6.5)  and  the  collisional  limit  d  ~  |$|3/5 
[72].  For  the  effect  of  collisions  in  the  sheath  on  the  ion  distribution  in  front  of 
the  wall  we  refer  to  [71]. 
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7.  Time  dependent  sheath  problems 

So  far  we  have  dealed  exclusively  with  stationary  systems.  Due  to  the  growing 
technological  importance  of  radio  frequency-  (RF-)  and  pulsed  discharges,  how¬ 
ever,  there  is  an  increasing  interest  in  time  dependent  sheaths.  We  shall  sketch 
here  only  few  basic  problems  of  this  wide  field. 


7.1.  The  problem  of  a  dynamic  Bohm  criterion 

Recalling  the  derivation  of  the  Bohm  criterion  in  Sec.  2.2,  we  note  that  the 
sheath  condition  depends  basically  on  the  dynamic  ion  density  decrease  resulting 
from  the  ion  current  continuity  and  from  the  energy  conservation  law.  Both 
conservation  laws  are  not  valid  in  non-st  at  ionary  systems  and,  consequently,  we 
expect  no  significance  of  the  Bohm  criterion  for  time  dependent  sheaths. 

In  contrast  to  this  general  statement,  Prewett  and  Allen  [73]  investigated 
quasi-neutral  ion  rarefaction  waves  and  found  special  similarity  solutions  run¬ 
ning  into  a  uniformly  moving  sheath  edge  distinguished  by  the  ''dynamic  Bohm 
criterion” 

(7.1)  Vis-U  =  Cs. 

Here,  Vi  designates  the  ion  flow  velocity,  and  u  is  the  velocity  of  the  moving 
sheath  edge.  Subsequently,  a  general  significance  of  the  dynamic  Bohm  criterion 
was  claimed  by  some  authors  [74]  and  questioned  by  others  [75]. 

Prom  theoretical  considerations  as  well  as  from  various  numerical  calcula¬ 
tions  we  conclude  that  there  is  no  general  and  unambiguous  solution  of  this 
problem.  Referring  again  to  scale  arguments,  we  have  to  distinguish  three  char¬ 
acteristic  times.  On  the  very  fastest  time  scale  Tg  =  u)~^^  the  electrons  neutralize 
the  presheath  and  form  a  sheath  adapted  to  the  transient  boundary  conditions. 
During  this  phase  the  ions  do  not  at  all  react  and,  consequently,  there  is  no 
influence  on  the  Bohm  criterion.  Let  us  consider  this  electron  reaction  as  an 
instantaneous  process.  The  '‘fast”  time  scale  is  then  determined  by  the  reaction 
time  Ts  =  Ad/c5  =  w”/  of  the  ions  in  the  sheath.  On  this  time  scale  the  sheath 
is  intrinsically  non-st  at  ionary,  and  the  Bohm  criterion  has  no  significance.  On 
the  “slow”  time  scale  Tp  =  L/cs  we  have  a  quasi-stationary  sheath  and  a  non¬ 
stationary  presheath.  Consequently,  during  this  phase  the  Bohm  criterion  will 
usually  be  fulfilled  in  the  m-equality  form  (cf.  Sec.  3.6). 

The  special  solutions  addressed  by  the  dynamic  Bohm  criterion  (7.1)  can 
actually  be  interpreted  as  a  stationary  sheath  in  a  moving  coordinate  system. 
Special  sheath  problems  related  to  RF-  and  pulsed  discharges  will  be  discussed 
in  the  next  subsections. 


7.2.  RF-sheath  problems 

The  question  on  the  validity  of  the  Bohm  criterion  in  front  of  the  electrode 
sheath  in  RF-discharges  is  a  problem  of  great  practical  importance.  A  systematic 
investigation  has  to  start  from  the  boundary  condition  (2.11)  of  a  decaying  sheath 
potential.  According  to  the  non-linear  reaction  of  the  sheath,  this  condition  must 
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be  fulfilled  for  the  DC  self- bias  {to  =  0)  as  well  as  for  all  harmonics  {oj  =  mcoo) 
of  the  applied  RF-current.  Recalling  the  interpretation  of  Sec,  3.5,  we  can  relate 
this  condition  to  the  ion  acoustic  dispersion  relation.  In  the  approach  of  an 
instantaneous  electron  reaction  {u?  <  cj^e)  and  cold  ions  (Ti  =  0)  we  obtain  from 
Eq.  (3.14) 

('^•2)  [(^pi>^D/{vi  -  ==  1  +  k^xj) , 

and  find  four  (real  or  complex)  wave  numbers  fci, . . . ,  A;4  for  any  real  value  of  oo 
[76].  These  solutions  are  shown  in  Fig.  7  for  three  representative  ion  velocities 
(a)  Vi  <  Cs,  (b)  Vi  ~  Cg,  and  (c)  Vi  >  Cg.  ki  and  k2  correspond  to  ion-acoustic 
waves  with  positive  group  velocities  propagating  (if  present)  from  the  plasma 
into  the  sheath:  These  modes  do  not  violate  the  sheath  condition,  and  are 


in  general  complex.  For  high  Vi  and  u)  they  describe  the  electron  screening  effect 
shielding  the  sheath  potential  from  the  plasma.  With  decreasing  ion  velocity 
and  frequency  the  screening  is  impeded  by  the  ion  reaction.  For  Vi  <  Cg  and 
a;  0,  finally,  we  obtain  an  undamped  mode  k^  with  negative  group  velocity 
propagating  the  sheath  disturbance  into  the  plasma. 

Excluding  this  ’’forbidden”  mode  we  see  that  the  DC  Rohm  criterion  v^  >  Cg 
holds  equally  in  the  RF-case  for  all  frequencies  ujq  <  tOpe  [76,  77].  It  shoud  be 
observed,  however,  that  the  sheath  edge  position  is  determined  by  the  slowly 
decaying  DC  self-bias  and  not  by  the  strongly  damped  RF  modes. 

Analysing  the  RF-sheath,  it  is  advised  to  distinguish  the  low-frequency  range 
<  (^pi  and  the  high-frequency  range  coq  >  ujpi.  In  a  first  approach,  the  low- 
frequency  sheath  can  be  considered  quasi-stationary  [78].  In  the  high-frequency 
regime,  in  contrast,  the  ions  can  hardly  follow  the  alternating  field,  and  the 
sheath  is  distinguished  by  an  oscillating  electron  front. 

This  supplies  the  basis  for  electron  step  models  (cf.  Sec.  6.3)  of  the  collision¬ 
less  high-amplitude  high-frequency  sheath  [79,  80,  81]:  The  ion  density  miz)  is 
stationary,  because  the  ions  are  only  infiuenced  by  the  time  avaraged  potential 
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^{z).  The  electron  density  is  modelled  by  an  oscillating  step  with  Ue  =  rii  for 
z  <  s{t)  and  ng  =  0  for  >  s{t).  In  principle,  the  basic  assumptions  of  this 
model  are  justified.  It  must  be  observed,  however,  that  the  step  position  is  not 
identical  with  the  sheath  edge  (see  above).  Therefore  it  is  difficult  to  formu¬ 
late  appropriate  boundary  conditions  at  the  step  position.  In  [82]  it  is  shown 
that  usual  step  models  start  from  inconsistent  boundary  conditions  and,  as  a 
consequence,  fail  in  certain  parameter  regimes  (see  Fig.  8). 


FIG.  8.  The  total  sheath  voltage  V{t)  for  a  moderately  high  RF  current  amplitude 
Jrf  =  2ensCsOJo/ufpi  calculated  from  the  step  models  [79]  (Lieb.)  and  [80]  (G&S)  in 
comparison  with  the  numerical  solution  (solid  curve). 


7.3.  The  formation  of  a  high-voltage  sheath 

The  dynamic  sheath  evolution  is  of  great  importance  in  “plasma  immersion  ion 
implantation” ,  where  negative  high-voltage  pulses  are  used  to  bombard  the  sur¬ 
face  of  a  workpiece  with  energetic  ions.  To  illustrate  the  basic  process,  we  con¬ 
sider  the  reaction  of  a  collisionless  plasma  on  a  pulse  >  f^'^e 

with  zero  rise  time.  At  the  moment  (t  =  0)  when  the  pulse  is  switched  on, 
the  electrons  are  repelled  quasi-instantaneously  (timescale  ),  and  a  nearly 

homogeneous  ion  matrix  sheath  of  thickness  sq  ^  {2eUo/KTe)^^'^XD  is  formed. 
The  subsequent  sheath  evolution  shows  two  different  phases,  as  can  distinctly 
be  seen  from  the  ion  current  ji  to  the  target  surface.  Fig.  9  shows  the  results  of 
a  numerical  calculation  in  comparison  with  two  different  analytical  approaches 
[83,  84]  based  on  electron  step  models  (see  Sec.  6.3). 

During  the  initial  “matrix  extraction  phase”  {upit  <  3),  the  ions  extracted 
from  the  matrix  sheath  form  a  high  current  peak  ji  ~  {eUo/hiTe)^^‘^nsCs.  In  the 
later  “sheath  expansion  phase”  {u)pit  >  3)  the  sheath  width  s{t)  grows  and  the 
ion  current  relaxes  slowly  to  the  Bohm  current  ji  =  risVs.  Finally,  a  stationary 
Child-Langmuir  sheath  with  Sqo  —  d  ':$>  sq  [see  Sec.  6,3,  Eq.  (6,5)]  is  formed. 
Investigating  the  validity  of  the  Bohm  criterion,  we  note  that  —  on  the  time 
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Fig.  9,  Normalized  ion  current  density  ji/jQ  at  the  target  surface  for  a  high-voltage  pulse 
Uq  =  1250/cTe;  jo  =  (2C/o/«;T'e)^/^naCs.  The  numerical  solution  of  the  cold  fluid  equations 
(solid  curve)  is  compared  with  the  analytical  models  [83]  (Lieb.)  and  [84]  (R&D). 


scales  considered  -  the  ions  flow  continuously  with  ion  sound  velocity  Cs  from 
the  presheath  into  the  sheath.  Consequently,  the  stationary  Bohm  criterion  is 
marginally  fulfilled.  Since  the  sheath  edge  moves  initially  with  high  velocity 
u  ~  {eUQlKTc)^^^Cs  into  the  plasma,  the  dynamic  Bohm  criterion  is  by  far  over- 
satisfied. 


8.  Summary  and  closing  remarks 

The  positive  space  charge  sheath  shielding  a  quasi- neutral  plasma  from  the  po¬ 
tential  distortion  caused  by  an  absorbing  negative  wall  has  an  extension  of  some 
(local)  electron  Debye  length  Usually  Ad  is  small  compared  with  competing 
lengths  L  of  the  boundary  layer  (Sec.  2.2).  This  is  the  basis  of  an  asymptotic 
two-scale  analysis  {X^/L  — >  0)  of  a  collisionless  planar  sheath  and  a  quasi- neutral 
presheath  (Sec.  2,  Appendix  A). 

In  the  simplest  case,  the  sheath  formation  depends  on  a  high  directed  ion 
velocity  Vis  >  Cg  (ion  acoustic  speed)  at  the  sheath  edge  (Sec.  2.3).  This  con¬ 
dition  —  the  Bohm  criterion  —  requires  that  the  ions  are  pre-accelerated  in 
the  presheath.  The  quasi-neutral  presheath  solution  breaks  down  at  the  sound 
barrier  with  a  singularity  representing  the  sheath  edge  (Sec.  2.4).  Consequently, 
the  Bohm  criterion  is  usually  fulfilled  in  the  marginal  form  Vis  =  Cg. 

Bohm’s  original  criterion  refers  to  the  simplified  model  of  monoenergetic 
cold  ions  and  Boltzmann  distributed  electrons.  It  can  be  generalized  to  account 
for  different  positive  (Sec.  3.1)  and  negative  (Sec.  3.4)  ion  components  and  for 
arbitrary  ion  (Sec.  3.2)  and  electron  (Sec.  3.3)  distribution  functions.  In  its 
kinetic  form  [Eqs.  (3.7)  and  (3.8)],  the  Bohm  criterion  depends  decisively  on 
the  contribution  of  slow  ions  and  requires  that  the  sheath  edge  ion  distribution 
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function  vanishes  for  zero  ion  velocity.  In  any  case  the  (generalized)  Bohm 
criterion  guarantees  that  all  information  on  the  boundary  conditions  at  the  wall 
is  lost  at  the  sheath  edge  (Sec.  3.5). 

A  more  refined  analysis  of  the  plasma  sheath  transition  (Sec.  4)  shows  that 
there  are  exceptions  from  the  rule  that  the  sheath  edge  is  distinguished  by 
a  field  singularity  and  by  the  marginal  validity  of  the  Bohm  criterion.  Dif¬ 
ferent  conditions  for  such  exceptions  in  the  kinetic  and  in  the  hydrodynamic 
analysis  (Sec.  4.1)  are  due  to  the  critical  role  of  slow  ions.  In  the  usual  case, 
the  sheath  edge  singularity  impedes  a  consistent  matching  of  the  plasma-  and 
sheath  solutions.  A  smooth  transition  is  obtained  from  a  universal  interme¬ 
diate  scale  analysis  accounting  for  space  charge  and  for  presheath  processes 
(Sec.  4.2,  Appendix  B).  This  analysis  determines  the  actual  sheath  edge  field 

strength  Em  ^  [hydrodynamic  analysis,  see  Eqs.  (4.9),  (4.13), 

and  (4.14)]  and  confirms  the  marginal  validity  of  the  Bohm  criterion  for  small 
but  finite  XolL, 

The  quasi-neutral  presheath  (Sec.  5)  providing  the  necessary  ion  acceleration 
may  be  a  special  boundary  layer  region  (e.g.,  the  Knudsen  layer)  or  may  extend 
over  the  whole  plasma.  Its  mechanism  (Sec.  5.1)  is  based  on  at  least  one  of  the 
following  processes:  (a)  geometric  current  concentration  (Sec.  5.2),  (b)  collisional 
ion  friction  (Sec.  5.3),  (c)  ionization  (Sec.  5.4),  or  (d)  magnetic  ion  orbit  defiection 
(Sec.  5.5).  The  magnetic  presheath  needs  the  support  of  a  second  mechanism. 
As  a  consequence,  there  is  an  additional  Bohm  criterion  [Eq.  (5.5)]  for  the  “pure” 
magnetic  presheath. 

In  contrast  to  the  presheath  analysis,  the  integration  of  the  sheath  equations 
is  straightforward  (Sec.  6.1).  It  should  be  observed,  however,  that  the  complica¬ 
tion  of  a  non-monotonic  sheath  structure  is  not  generally  excluded  by  the  Bohm 
criterion  (Sec.  6.2).  For  high  negative  sheath  voltages  the  electrons  play  a  minor 
role,  and  a  unipolar  ion  sheath  with  a  thickness  Xd  is  formed  (Sec.  6.3).  The 
unipolar  sheath  can  conveniently  be  described  by  electron  step  models.  The  elec¬ 
tron  step,  however,  must  not  be  confused  with  the  sheath  edge  [see  Eq.  (6.6)]. 
Despite  the  scaling  Ajq  <C  Ac,  in  a  “thick”  unipolar  sheath  ion  collisions  may 
become  important  (Sec.  6.4). 

All  statements  given  so  far  hold  for  stationary  systems.  For  intrinsically 
time  dependent  sheaths  (Sec.  7)  the  Bohm  criterion  is  in  general  not  valid.  In 
some  special  cases  a  dynamic  Bohm  criterion  may  be  applied  (Sec.  7.1).  For  RF- 
discharges  (Sec.  7.2)  and  pulsed  discharges  (Sec.  7.3)  the  Bohm  criterion  holds  in 
the  stationary  form.  Basic  sheath  properties  of  these  discharges  may  be  derived 
from  suitable  electron  step  models. 

We  have  presented  a  broad  review  of  problems  related  to  the  plasma-sheath 
transition.  We  did,  however,  not  intend  to  give  a  complete  survey.  In  particular 
the  special  problems  discussed  represent  a  subjective  selection.  From  a  general 
point  of  view  we  must  draw  attention  to  the  basic  assumption  of  absorbing  walls. 
(The  principal  influence  of  ion  reflection  and  emission  from  the  wall  is  discussed 
in  [2]).  Finally,  we  remark  that  we  have  considered  only  wall  sheaths.  For  an 
introduction  into  the  extensive  problem  area  of  double  layers  separating  different 
plasma  regions  we  refer  to  the  review  papers  [85]  and  [86]. 
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Appendix  A:  Asymptotic  two-scale  analysis 


To  introduce  the  different  sheath  and  presheath  scales,  it  is  convenient  to  use 
dimensionless  quantities 
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with  =  K{T*g  +  jTis)/mi .  With  these  variables  and  parameters  the  basic 
equation  system  (2.7)-(2.9)  reads 


(A2) 

hi  -  he{p) 

(A3) 

(A4) 

du  dip 
ds  ds 

Xjj  (P(p  t  d(p 
ds^  ds 


1  dhe 
he  ds 


So  far  we  did  not  specify  the  characteristic  length  but  of  course  it  is  self- 
suggesting  to  choose  (i)  the  “inner”  or  “sheath”  scale  ii  —  Xd  or  (o)  the  “outer” 
or  “presheath”  scale  io  =  L,  Correspondingly,  we  distinguish  the  inner  and  outer 
space  variables 


(A5)  ^  =  Si  =  z/Xj)  and  x  =  So  ~  zjL . 

For  a  fixed  finite  ratio  e  =  Xd/L,  these  two  scales  are  naturally  equivalent. 
For  £  — 0,  however,  we  must  distinguish  the  different  sheath  and  presheath 
limits:  On  the  inner  scale  {ii/L  =  e)  we  obtain  the  system 


(A6) 

(A7) 

(A8) 


•hi  -  he(!p) 

d  , 

du  dip  /I  dhi  1  dhe\ 
^  d^  he  d^  ) 


_  Sip 

=  0{e) 
=  0{e) 


resulting  in  the  asymptotic  (e  0)  model  of  a  collisionless  planar  sheath.  The 
corresponding  outer  scale  {XdI^o  =  e)  equations 
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(A9) 

■hi  -  heif) 

(AlO) 

(All) 

du  dip 
dx  dx 

=  CT  —  ahiU 


show,  that  the  asymptotic  (e  0)  presheath  model  is  quasi-neutral. 


Appendix  B:  Intermediate  scale  analysis 


We  refer  to  the  dimensionless  equations  of  Appendix  A.  To  avoid  an  involved 
expansion  accounting  a  priori  for  all  terms  we  start  from  the  separate  sheath 
and  presheath  representations  and  characterize  the  sheath  edge  by  [cf.  Sec.  3.7, 
Eqs.(Al),  and  (2.15)] 


(Bl)  (p  =  0,  u  =  l,  nj=ne  =  l, 


dip  dip 


Expanding  equations  (AlO)  and  (All)  near  the  sheath  edge  {x  0,  “inner” 
expansion  on  the  outer  scale)  we  obtain  after  some  calculation  in  lowest  order  in 
ip  and  u  —  \ 


(B2)  If  =  u- 1, 

where  the  index  5  refers  again  to  the  sheath  edge.  The  zero  of  the  bracket  on 
the  l.h.s.  corresponds  to  the  sound  barrier  singularity  (u  =  1).  We  are  here  not 
interested  in  the  exceptional  case  of  a  non-singular  transition  at  the  ion  sound 
speed  (see  Sec.  4.1).  Consequently,  the  r.h.s.  of  Eq.  (B2)  is  always  negative. 
By  an  appropriate  choice  of  the  length  L  [cf.  Eq.  (Al)]  we  can  therefore  dispose 
without  lack  of  generality 


(B3)  0>s  l^s  —  1  . 

Recalling  the  order  of  magnitude  of  the  terms  neglected  in  Eqs.  (A9)“(A11) 
we  thus  obtain  the  representation 

(B4)  9?^  +  a;  ==  0(£^^) 

of  the  sheath  edge  vicinity. 

The  corresponding  expansion  of  the  sheath  equations  (A6)-(A8)  near  the 
sheath  edge  (^  ^  -oo,  “outer  expansion”  on  the  inner  scale)  is  somewhat  lengthy 
because  it  must  be  performed  to  quadratic  order  in  ip  and  u  —  1.  Expanding  the 
electron  density  in  the  form 

he{ip)  =  1  —  ip-h  Cif^  +  . . . 


(B5) 
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(with  c  =  2  for  the  usual  ansatz  of  a  Boltzmann  factor)  we  arrive  finally  at 


(B6) 


d'^tp 


+  0(e0 . 


With  the  correction  O(e^)  we  account  for  the  terms  neglected  in  the  sheath 
equations  (A6)-(A8).  Recalling  e  =  Xd/L  and  rewriting  Eqs.  (B4)  and  (B6)  on 
an  “intermediate  scale”  with 


(B7) 


^  im  trn" 


we  have  the  alternative  representations 


+  and  +  0  (^C) 

of  the  sheath  edge  vicinity.  Since  both  representations  must  be  consistent,  we 
conclude  that  a  uniformly  valid  representation  must  read 


Introducing  the  re-normalized  potential 


(BIO) 

and  choosing 


1/2 


(Bll) 

results  in  Eq.  (4.7). 
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This  invited  lecture  concerns  pulsed  experiments  with  dense  plasmas  (ne  >  10^^  cm”^), 
carrying  high-intensity  currents  (J  >  10®  A),  which  produce  strong  magnetic  fields  influencing 
motion  of  charged  particles.  Various  Z-Pinch  (linear  and  cylindrical)  experiments  are  reviewed, 
and  the  most  important  results  are  described.  Also  presented  are  different  Plasma-Focus  (non- 
cylindrical)  pinch  experiments  as  well  as  important  characteristics  of  X-ray  pulses,  relativistic 
electron  beams  (REB),  energetic  ion  streams,  and  nuclear  fusion  products  (mainly  fast  protons 
and  neutrons).  Particular  attention  is  paid  to  possible  applications  of  the  X-ray  pulses,  e.g. 
for  X-ray  microscopy  and  lithography,  as  well  as  to  applications  of  pulsed  particle  beams,  e.g. 
for  material  tests  and  engineering.  The  international  collaboration  in  dense  magnetized  plasma 
research  is  described,  and  prospects  of  the  International  Center  for  Dense  Magnetized  Plasmas 
(ICDMP)  are  presented. 


1.  Introduction 

In  nature  and  in  laboratories  one  can  observe  plasmas  of  very  different  density 
and  various  velocity  distributions  (characterized  often  by  different  electron  and 
ion  temperatures).  In  dense  plasmas  the  electron  concentration  (ng)  is  higher 
than  10^®  cm“^.  When  this  parameter  is  larger  than  10^®  cm~^  the  plasma  is 
called  a  super-dense  one.  The  definition  of  high-temperature  plasmas  is  a  ques¬ 
tion  of  convention  [1] .  Energy  distributions  of  electrons  and  ions  are  often  differ¬ 
ent  from  Maxwellian  ones.  In  spite  of  these  deviations  plasmas  are  characterized 
by  electron  temperature  (Tg)  and  ion  temperature  (T^).  These  temperatures  are 
usually  expressed  in  energy  units  (1  eV  corresponds  to  11600  K).  When  Tg  and 
Ti  are  below  0.1  eV  the  plasma  is  called  a  cold  one.  If  Te  and  Ti  are  within  the 
range  from  0.1  eV  to  5  eV  one  speaks  about  low-temperature  plasmas.  When  Tg 
or  Ti  is  higher  than  5  eV  one  can  speak  about  the  high-temperature  plasma. 

Plasmas  are  also  characterized  by  other  parameters,  and  particularly  by  an 
electron  cyclotron  frequency  (o^gg)  and  ion  cyclotron  frequency  {ufd)^  which  are 
described  by 
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(1.1) 


^ce 


eH 

rrieC 


and 


^ci  — 


ZjeH 

ruic 


where  H  is  the  magnetic  field  strength,  rUe  and  mi  are  electron  mass  and  ion 
mass,  respectively.  A  frequency  of  electron-ion  collisions  (uei)  depends  strongly 
on  plasma  parameters  [1].  Under  an  assumption  of  the  Maxwellian  electron- 
energy  distribution  one  can  show  the  proportionality 


(1.2) 


niZi 


If  the  ion  cyclotron  frequency  is  higher  than  the  frequency  of  electron*ion 
collisions  {u)ci  >  motion  of  ions  is  strongly  influenced  by  a  magnetic  fleld 
and  the  plasma  is  magnetized. 

The  oldest  methods  used  to  produce  high-temperature  dense  magnetized 
plasma  (DMP )  were  based  on  high-voltage  high-current  discharges  between  metal 
electrodes.  The  simplest  conflguration  involves  two  hemispherical,  conical  or 
plane  electrodes  placed  at  a  chosen  distance  within  a  vacuum  chamber.  After 
filling  up  this  chamber  with  a  working  gas  or  gaseous  mixture  (under  an  ap¬ 
propriate  low  pressure)  the  main  discharge  is  initiated  by  the  application  of  a 
high-voltage  pulse  between  the  electrodes.  If  these  electrodes  are  adjusted  along 
a  common  z-axis  the  discharge  forms  a  cylindrical  column  (Z-Pinch)  that  un¬ 
dergoes  the  self-compression  by  its  own  azimuthal  magnetic  field,  as  shown  in 
Fig.  1. 


Fig.  1.  Subsequent  phases  of  a  high-current  Z-Pinch  discharge  showing  development  of 
plasma  instabilities,  as  observed  within  the  Nevada  Terawatt  Facility  in  USA. 
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Another  important  electrode  configuration,  studied  very  extensively,  was  a 
system  composed  of  coaxial  tubular  electrodes  of  different  diameters.  The  metal 
electrodes  were  separated  by  a  tubular  glass  (or  ceramic)  insulator  embracing 
the  inner  electrode  at  one  end.  Such  electrodes  were  used  in  coaxial  plasma 
guns  of  the  Marshall  type  [2]  as  well  as  in  Plasma-Focus  (PF)  devices  of  the 
Filippov-  or  Mather-type  [3,  4].  In  the  Marshall  guns  a  working  gas  was  injected 
into  the  tubular  inter-electrode  region  by  a  fast-acting  valve,  placed  within  the 
center  of  the  inner  electrode.  When  a  ring-shaped  gas  cloud  was  formed  a  high- 
voltage  pulse  was  applied  and  a  plasma  discharge  was  initiated.  Such  coaxial 
plasma  guns  were  capable  to  produce  pulsed  plasma  streams  (jets)  and  they  were 
used  as  plasma  injectors  in  many  laboratory-  and  space-experiments  [5].  On  the 
contrary  to  the  Marshall-type  plasma  guns  operated  with  the  gas  puffing,  the  PF 
devices  were  usually  run  under  a  static  initial  pressure,  which  was  considerably 
higher  than  that  in  the  conventional  coaxial  injectors.  An  example  of  a  PF-type 
discharge  is  presented  in  Fig.  2. 


FIG.  2.  Color-enhanced  pictures  of  different  phases  of  the  PF  discharge,  as  obtained  at 
IFPiLM  in  Poland,  using  a  high-speed  quadro-canaera  with  the  exposition  tinae  of  about  1  ns 

and  a  frame  distance  of  10  ns. 

The  main  aim  of  this  invited  lecture  was  to  present  various  Z-Pinch  and 
PF  experiments  and  to  describe  the  most  important  characteristics  of  X-ray 
pulses,  charged  particle  streams,  and  nuclear  fusion  products  emitted  from  DMP 
discharges  performed  with  deuterium  filling.  Particular  attention  should  be  paid 
to  different  applications  of  DMP  facilities. 


2.  Studies  of  Z-Pinch  discharges 

The  cylindrical  Z-Pinches  were  investigated  from  the  very  beginning  of  research 
on  controlled  nuclear  fusion  (CNF)  started  in  the  50  s.  Those  studies  were  aimed 
on  the  generation  and  heating  a  pure  deuterium  plasma  up  to  temperatures  en¬ 
abling  close  collisions  of  deuterons  and  their  fusion  producing  a  lot  of  nuclear 
energy  [1].  High-temperature  dense  deuterium  plasmas  were  produced  success¬ 
fully  and  fusion-produced  fast  neutrons  were  obtained  in  numerous  Z-Pinch  ma¬ 
chines.  It  has,  however,  been  impossible  to  protect  the  pinching  plasma  column 
from  a  fast  development  of  magneto-hydrodynamic  (mhd)  instabilities  and  to 
increase  its  lifetime  in  order  to  obtain  a  high  neutron  (and  energy)  yield  from 
fusion  reactions. 


126 


M.  Sadowski 


Vacuum  Pump  Insulator  Vacuum  Pump 


Fig.  3.  Sclieniatic  of  the  capillary  Z-Pinch  device  used  at  the  Ruhr  University  in  Germany  [8] 

for  spectroscopic  studies  of  DMP. 


Numerous  Z-Pinch  experiments  have  been  performed  in  various  plasma  lab¬ 
oratories  all  over  the  world  [6,  7].  Many  investigators  have  studied  low-energy 
Z-Pinch  discharges  within  different  gases  in  order  to  study  parameters  of  DMP. 
In  some  experiments  the  use  has  been  made  of  capillary  discharges  useful  for 
spectroscopic  studies,  as  shown  in  Fig.  3.  In  other  experiments  there  were  ap¬ 
plied  gas-puffed  cylindrical  layers,  which  were  first  ionized  by  high-voltage  pulse 
and  after  that  compressed  by  high  currents.  Numerous  investigators  tried  also 
to  use  solid  fibers  (wires)  to  produce  DMP  [6,  7].  The  main  problem  was  to 
achieve  a  relatively  stable  pinch. 

The  pressure  balance  of  the  pinch  column  is  given  by  the  so-called  Bennett 
relation  [1] 

(2.1)  =  iGTTiVr 

where  N  is  the  total  number  of  plasma  particles  per  unit  of  length.  In  an  isolated 
Z-Pinch  column  the  energy  losses,  resulting  from  the  Bremsstrahlung  radiation, 
should  be  equal  to  the  joule  heating.  The  energy  and  pressure  balance  equations 
give  then  the  result  that  the  steady  state  can  be  established  at  a  constant  current 
IpB  —  1.4-10^  A  (the  so-called  Pease-Braginski  current).  The  corresponding 
internal  energy  per  unit  length  is  then  given  by 

(2-2)  iVT  =  =  5  •  10^  [Jim]. 

It  can  be  easy  seen  that  at  the  high-temperature  T  =  50000  K  and  risoiid  = 
10  cm  for  the  pinch  column  (with  the  radius  Vp)  one  needs 

(2.3)  N  =  Trrp^n  =  7  •  10^®  [m~^]  and  =  15  ■  10“®  [m]. 

It  means  that  very  thin  solid  fibers  should  be  applied  for  Z-Pinch  experiments. 
Basing  on  this  principle  numerous  experiments  were  performed  with  solid  deu¬ 
terium  fibers,  but  they  were  not  very  successful  in  reaching  high  neutron  yields 
[6,  7,  9]. 
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Taking  into  consideration  that  DMP  discharges  can  emit  very  intense  X- 
ray  pulses,  particular  efforts  have  been  devoted  to  experiments  with  thin  metal 
wires  or  multi- wire  cylindrical  arrays.  Small-scale  Z-Pinch  experiments  with  thin 
wires  were  performed  in  many  countries,  in  Russia,  UK,  USA,  Germany,  Czech 
Republic  and  Poland.  In  some  cases  interesting  non-linear  phenomena  in  DMP 
were  observed,  e.g.  the  formation  of  quasi-spherical  regions  [10],  shown  in  Fig.  4. 


FIG.  4.  Quasi-spherical  stable  DMP  structure  observed  in  a  gas-embedded  Z-Pinch  between 
conical  electrodes,  within  a  low-energy  (0.5  kJ)  experiment  under  higher  pressure  (50  kPa) 

of  argon. 

The  most  famous  and  most  powerful  Z-Pinch  experiments  with  multi-wire 
arrays  have  been  carried  out  at  the  Sandia  Laboratory  in  USA.  The  use  was 
made  of  the  SATURN  facility  [11,  12]  operating  with  HV  lines  shorted  by  means 
of  spring  mechanisms.  A  scheme  of  this  facility  is  shown  in  Fig.  5. 


FIG.  5.  Schematic  of  the  SATURN  facility  operated  at  the  Sandia  Laboratory  in  USA. 
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Experiments  carried  out  with  the  SATURN  machine  equipped  with  different 
wire  arrays  (a  12.5  mm-diameter  array  of  70  tungsten  wires  of  7.5  mm  in  diam¬ 
eter,  and  25  mm-diameter  array  of  300  tungsten  wires  of  5.1  mm  in  diameter) 
showed  that  Z-Pinches  can  be  scaled  to  greater  than  150  ns  implosion  times 
without  degradation  in  implosion  uniformity  and  efficiency  [13].  Examples  of 
discharge  currents  traces  and  X-ray  pulses  are  presented  in  Fig.  6. 


FIG.  6.  Comparison  of  current  waveforms  and  toted  X-ray  pulses  from  different  Z-Pinch 
experiments  performed  with  tungsten-wire  arrays  within  the  SATURN  facility. 

The  SATURN  facility  has  been  converted  in  the  Z  machine,  which  can  de¬ 
liver  27  MA  currents  to  a  relevant  short  circuit  load.  Recent  experiments  have 
been  carried  out  with  480-wire  arrays,  which  have  produced  record  X-ray  pulses 
reaching  290  TW.  Such  powerful  X-ray  pulses  can  be  used  to  trigger  nuclear 
fusion  reactions.  It  has  been  estimated  that,  to  reach  a  high  fusion  yield,  one 
needs  above  1000  TW,  16  MJ  X-ray  pulses.  To  achieve  this  goal  the  S^dia 
Laboratory  has  started  to  build  the  X-1  machine  [12,  13]. 


FIG.  7.  One  of  the  X-ray  back-lighting  arrangements  developed  at  the  Cornell  University  [14] 
Two  wire  loads,  which  are  placed  between  the  anode  and  separate  half-cylinder  electrodes,  are 
back-lighted  by  the  radiation  from  two  X-Pinches  located  on  the  central  electrode. 


Simultaneously  with  the  design  and  construction  of  large  Z-Pinch  facilities 
there  are  carried  out  studies  to  improve  methods  of  BMP  diagnostics.  A  valuable 
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technique  is  based  on  the  use  of  X-ray  pulses  for  the  back-lighting  of  DMP 
objects.  Such  diagnostic  X-ray  pulses  can  be  supplied  from  point-like  X-Pinches 
produced  by  special  crossed-wire  arrangements.  A  point  source  of  X-rays  is  used 
to  cast  a  shadow  image  of  DMP  directly  on  film,  as  shown  in  Fig.  7. 

The  X-ray  back-lighting  technique  makes  possible  to  study  fine  structures 
of  DMP  produced  from  X-Pinches  and  multi-wire  arrays.  Some  examples  are 
presented  is  Fig.  8  and  9. 


t  =  +0.6  ns  t  -  +1 .73  ns 


1 1 1 1 1 1 1 1 


1  mm 

FIG.  8.  Back-lighted  images  of  X-Pinch  discharge  formed  by  two  crossed  17fim  molibdenum 

wires. 


FIG.  9.  Back-lighted  images  of  a  12.7  fim  aluminum  wire  and  13  /xm  tungsten  wire.  The  first 
picture  was  taken  for  a  1.25  kA/wire  shot  at  t  =  0.17  /is,  and  the  second  -  for  2.5  k A/wire 

shot  at  i  =  2.2  //s  [14]. 


Such  diagnostic  techniques  are  applied  to  study  dense  core  and  coronal  plas- 
mas  in  order  to  select  appropriate  materials  and  to  optimize  wire-arrays  for 
powerful  Z-Pinch  experiments. 


3.  Studies  of  Plasma- Focus  discharges 

The  most  popular  PF  configurations  were  developed  independently  by  N.V.  Fil¬ 
ippov  and  by  J.W.  Mather  at  the  late  50  s.  N.V.  Filippov  investigated  PF 
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discharges  in  large  diameter  systems  with  relatively  short  electrodes  (diame¬ 
ter/length  >  3),  equipped  with  solid  front  plates  [2].  In  such  systems  the  axial 
acceleration  of  a  current  sheath  (CS)  layer  is  short  in  comparison  with  the  radial 
compression  (collapse)  phase  of  the  CS  between  the  end  plates  of  the  two  elec¬ 
trodes.  J.W.  Mather  studied  PF  discharges  between  two  relatively  long  coaxial 
electrodes  (diameter/length  <  3)  with  free  outlets  [3].  In  that  case  the  axial 
acceleration  phase  lasts  longer,  the  radial  compression  phase  is  shorter,  and  the 
dense  PF  region  is  formed  on  the  symmetry  axis  in  front  of  the  electrode  out¬ 
lets,  i.e.  in  free  space,  at  some  distance  from  the  electrode  edges.  Under  such 
conditions,  a  plasma  discharge  starts  at  the  surface  of  the  main  insulator  by 
high-voltage  breakdown  and  the  build-up  of  a  distinct  CS.  After  that  it  is  accel¬ 
erated  in  the  axial  direction  by  electromagnetic  forces  rising  from  interactions 
of  an  azimuthal  magnetic  field  with  quasi-radial  currents.  When  the  CS  layer  is 
blown  out  the  inter-electrode  gap,  a  part  of  it  is  subject  to  the  radial  compression 
forming  a  dense  quasi-axial  pinch  column  (the  PF  region),  as  shown  in  Fig.  10. 


FIG.  10.  Schematic  view  of  a  Mather-type  PF  machine.  There  are  marked  different  positions 

of  the  current-sheath  (CS)  layer  during  successive  phases  of  the  discharge  development. 

Numerous  PF  experiments  were  performed  in  many  laboratories  dispersed 
all  over  the  world  [15,  16].  The  most  of  them  was  carried  out  with  the  Mather- 
type  electrodes.  In  Poland  PF  studies  were  started  in  the  late  60  s.  The  first 
Mather-type  devices  (PF-20  and  PF-150,  of  energy  equal  to  20  kJ  and  150  kj, 
respectively)  were  built  at  IBJ  in  Swierk,  and  after  tests  they  were  transferred 
to  the  Military  Academy  of  Technology  (WAT)  in  Warsaw,  where  a  new  plasma 
research  center  was  organized  (IFPiLM).  During  the  70  s,  in  Swierk  there  was 
built  the  PF-360  machine,  which  constituted  a  module  of  a  megajoule  PF  facil¬ 
ity.  The  PF-360  device  was  used  for  various  optimization  tests,  and  in  particular 
for  studies  of  the  DMP  dynamics  and  the  emission  of  X-rays,  electron-  and  ion- 
beams,  as  well  as  fusion  products  (fast  neutrons  and  protons).  Some  studies  were 
performed  within  the  international  collaboration  [17].  After  numerous  modifica¬ 
tions  of  the  PF-360  device,  it  is  still  under  exploitation  at  IPJ.  A  general  view 
of  PF-360  device  is  shown  in  Fig.  11. 

Investigation  of  the  X-ray  emission,  as  performed  with  the  X-ray  pinhole 


Studies  and  applications  of  dense  magnetized  plasmas 


131 


FIG,  11.  General  view  of  the  PF-360  experimental  chamber  with  some  diagnostic  equipment 
for  X-ray,  ion,  and  neutron  measurements. 


camera,  revealed  that  at  higher  discharge  currents  there  appear  plasma  filaments. 
Although  some  investigators  claimed  that  the  quasi-radial  filaments  in  the  CS 
layer  collide  and  annihilate  completely  during  its  radial  compression  [18],  it  was 
proved  experimentally  that  during  that  current  filaments  can  remain  or  even  be 
formed  within  the  pinch  column  [19],  as  presented  in  Fig.  12. 


FIG.  12.  Soft  X-ray  pinhole  picture  of  a  PF  discharge,  which  shows  the  appearance  of 
qucisi- axial  filaments  inside  the  DMP  column. 

Numerous  PF  experiments  at  lower  discharge  currents  and  with  heavy  gas 
admixtures  revealed  that  inside  the  DMP  column  there  are  formed  small  regions 
of  the  increased  X-ray  emission,  so-called  hot-spots  [20,  21],  as  shown  in  Fig,  13. 

Studies  of  the  X-ray  emission  from  PF  discharges  were  performed  in  many 
laboratories  by  different  pinhole  cameras,  special  diodes,  and  crystal  spectrom¬ 
eters.  At  IPJ  the  use  was  made  of  the  MAJA-PF  device,  which  is  shown  in 
Fig.  14. 

Simultaneously  with  X-rays  there  were  studied  relativistic  electron  beams 
(REBs),  emitted  through  the  central  electrode  in  the  up-stream  direction,  and 
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FIG.  13.  Soft  X-ray  pinhole  pictures  of  two  PF  discharges,  which  show  the  formation  of 
distinct  brilliant  regions  (hot-spots)  inside  the  DMP  column. 


FIG.  14.  General  view  of  the  MAJA-PF  experimental  chamber  with  an  ion  pinhole  camera 
(on  the  axis),  the  X-ray  pinhole  camera  (above)  and  two  crystal  spectrometers  placed  side-on 

(in  the  front  and  behind  the  chamber). 


energetic  ion  beams  -  emitted  mostly  along  the  z-axis.  Using  X-ray  pinhole 
cameras  and  Cerenkov-type  detectors  of  REBs,  it  was  found  that  the  hot-spots 
are  formed  along  the  z-axis  in  a  determined  sequence,  starting  from  the  electrode 
outlet,  and  the  corresponding  REB  signals  are  well  correlated  with  the  emission 
from  hot-spots  [21],  as  shown  in  Fig.  15. 

On  the  basis  of  X-ray  spectral  measurements,  from  an  analysis  of  the  inter- 
combination  and  resonance  lines  of  the  He-like  argon  lines,  it  was  estimated  that 
within  the  hot-spots  the  electron  concentration  is  higher  than  10^^  cm“^,  and 
the  electron  temperature  is  above  1  keV.  Detailed  spectral  measurements,  as  per¬ 
formed  with  two  crystal  spectrometers  with  mutually  perpendicular  dispersion 
planes  [22],  revealed  considerable  differences  in  relative  intensities  of  the  spectral 
lines  of  argon  ions,  as  presented  in  Fig.  16. 

The  different  relative  intensities  of  the  considered  spectral  lines  have  been 
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FIG.  15.  X-ray  pinhole  picture  from  a  single  PF  discharge  performed  with  the  (D2  +  Ar) 
filling  and  an  oscillogram,  which  shows  X-ray  signals  from  different  regions,  corresponding 
REBs,  and  the  total  soft  X-ray  emission. 


FIG.  16.  X-ray  spectra  of  a  DMP  column  produced  within  the  MAJA-PF  device,  which  were 
registered  by  means  of  two  identical  spectral  spectrometers  placed  side-on,  but  with  mutually 

perpendicular  dispersion  planes. 


explained  by  different  polarization  of  these  lines,  which  was  probably  induced 
by  directed  motion  of  some  electron  streams.  In  fact,  the  appearance  of  supra- 
thermal  electrons  has  been  confirmed  also  by  the  emission  of  the  Ka  lines.  Si¬ 
multaneously  with  electron  streams  moving  radial,  there  were  generated  also 
REBs  propagating  along  the  z-axis,  which  could  escape  through  a  hollow  in¬ 
ner  electrode.  Such  REBs  were  measured  with  the  Cerenkov-type  detectors  and 
magnetic  analyzers  placed  at  relatively  large  distances  (from  40  cm  to  100  cm) 
from  the  DMP  region  [23].  Energy  spectra  of  these  REBs  extended  from  about 
60  keV  to  above  600  keV,  as  shown  in  Fig.  17. 

Simultaneously  with  electrons,  strong  local  electric  fields  generated  within  a 
DMP  column  can  also  accelerate  primary  ions,  which  propagate  mostly  along  the 
z-axis.  The  fast  ion  beams  were  registered  in  various  PF  experiments  [24,  25,  26, 
27],  e.g.  in  a  moderate-size  PF  machine  powered  by  a  70  kJ,  50  kV  condenser 
bank,  there  was  obtained  about  1015  deuterons  of  energy  above  300  keV,  and 
about  1012  deuterons  of  energy  ranging  several  MeV  [28]. 

Ion  measurements  along  the  z-axis,  which  were  carried  out  by  means  of  ion 
pinhole  cameras  equipped  with  nuclear  track  detectors  (NTDs)  and  various  ab¬ 
sorption  filters,  proved  that  the  ions  form  numerous  micro-beams  of  different 
energy,  as  shown  in  Fig.  18 

Mass-  and  energy-analysis  of  the  axial  ion  beams,  which  was  performed  by 
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FIG.  17.  Energy  spectra  of  REBs,  as  measured  on  the  z-axis  behind  the  collector  of  the 
PF-360  device,  for  two  PF  dischcirges  performed  under  different  initial  pressures. 


FIG.  18.  Ion  pictures  taken  behind  different  absorption  filters:  (A)  1.5  fim  Al-filter.FD  >  220 
keV;  (B)  6.0  fim.  Al-filter,  Ed  >  700  keV;  (C)  10  fim  Al-filter,  Ed  >  1.5  MeV;  and  (D)  30 

fim  Al-filter,  Ed  >  2.1  MeV. 


means  of  Thomson-type  spectrometers  at  different  PF  devices,  showed  that  ion 
energy  spectra  extend  from  several  dozen  keV  to  several  hundreds  keV,  and  in 
some  cases  up  to  several  MeV  [27],  Examples  of  the  ion  energy  distributions, 
which  were  obtained  from  BMP  experiments  performed  with  the  MAJA-PF  de¬ 
vice,  are  presented  in  Fig.  19. 


100  200  300  400  500  E5,[kev] 


FIG.  19.  Energy  spectra  of  fast  deuterons  emitted  from  the  MAJA-PF  device,  which  was 
operated  under  static  and  dynamic  gas  conditions. 
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Measurements  of  ion  angular  distributions,  carried  out  in  different  PF  de¬ 
vices,  revealed  that  close  to  the  z-axis  there  appears  a  characteristic  local  mini¬ 
mum,  as  shown  in  Fig.  20. 


FIG.  20.  Angular  distributions  of  fast  deuterons  emitted  from  the  PF-360  device  (on  the  left) 
and  the  PF-1000  facility  (on  the  right)  [29]. 


FIG.  21.  Neutron  yields  from  PF  devices  operated  with  the  D2  filling  at  different  input 

energies. 

Particular  attention  in  PF  experiments  was  paid  to  the  optimization  of  a 
fusion  yield  from  D-D  reactions.  Numerous  measurements  were  carried  out  in 
many  plasma  laboratories,  and  a  promising  scaling  of  the  neutron  yield  (Fn) 
versus  the  input  energy  value  (Wo)  was  observed  up  to  energies  ranging  about 
500  kJ,  as  presented  in  Fig.  21. 

It  was,  however,  found  that  the  neutron  emission  saturates  or  even  decreases 
when  the  charging  voltage  and  the  initial  energy  input  as  well  as  the  discharge 
current  values  are  increased  above  certain  limits,  as  shown  in  Fig.  22. 

PF  experiments,  which  were  performed  with  the  use  of  insulators  made  of  dif¬ 
ferent  materials  [17]  or  with  an  additional  gas-puffed  targets  [30],  demonstrated 
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FIG.  22.  Neutron  yield  scaling  versus  the  initial  energy  value,  as  observed  for  PF-360  device 
in  Swierk  and  for  POSEIDON  facility  in  Stuttgart  [17]. 
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FIG.  23.  Projections  of  trajectories  for  10  deuterons  (5-10  keV),  as  computed  for  1.2  MA 
discharge  through  six  flower-like  filaments  (on  the  left),  and  an  angular  distribution  of 
deuterons  of  different  energies  for  the  same  filamentary  configuration  (on  the  right). 


that  the  saturation  of  neutron  yields  can  be  shifted  towards  higher  input  energies. 
The  optimization  of  neutron  yields  from  PF  discharges  remains  the  main  task 
for  many  investigators  and  it  is  of  particular  importance  for  future  large-scale 
DMP  experiments. 

In  theoretical  studies  particular  attention  has  recently  been  paid  to  influence 
of  current  filaments  on  motion  of  accelerated  deuterons  undergoing  the  fusion 
reactions.  Numerical  computations  of  ion  trajectories  have  been  performed  for 
different  numbers  and  various  configurations  of  the  filaments  [31],  according  to 
observations  from  the  performed  PF  experiments.  The  modeling  for  the  ’’flower¬ 
like”  configuration  has  given  a  qualitative  agreement  with  the  measured  angular 
distribution  of  fast  deuterons,  as  shown  in  Fig.  23. 

A  new  trend  in  DMP  research  in  Poland  is  to  use  a  collapsing  CS  layer  as  a 
driver  for  very  thin  (foam)  liners  [32].  Using  this  method,  well-shaped  plasma 
columns  of  about  2  mm  in  diameter  and  10  mm  in  length,  showing  hot  cores  of 
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about  1  mm  in  diameter,  have  been  obtained  in  the  PF-1000  machine  [32,  33]. 
It  has  also  been  observed  that  such  foam  liner  plasma  is  relatively  stable  during 
the  compression  phase,  as  shown  in  Fig.  24. 


FIG.  24.  Streak  pictures  of  the  PF  current  sheath  interaction  with  a  foam  liner,  which  was 
placed  on  the  axis  of  the  PF-1000  facility  [33]. 

Such  experiments  with  the  compression  of  thin  liners  open  new  prospects  for 
future  large-scale  PF  facilities  and  for  fusion-oriented  research. 

4.  Applications  of  Z-Pinch  and  PF  facilities 

The  Z-Pinch  and  PF  devices  can  be  used  for  basic  studies  in  the  field  of  plasma 
physics.  In  particular  such  experimental  facilities  can  be  applied  in  research  on 
the  development  and  dynamics  of  DMP  discharges.  This  is  of  particular  impor¬ 
tance  for  investigation  of  high-energy  density  states  and  for  studies  of  strongly 
non-linear  phenomena,  e.g.  of  the  hot  spots  and  plasma  filaments  described  in 
previous  sections. 

The  Z-Pinch  and  PF  facilities  can  also  be  applied  for  research  on  X-ray  lasers. 
In  fact,  many  plasma  experiments  oriented  on  the  X-ray  lasers  have  used  Z-Pinch 
plasmas  as  targets. 

for  pumping  laser  beams  [34].  Some  investigators  have  also  observed  the 
optical  inversion  and  X-ray  lasing  without  additional  laser  pumping,  i.e,  using 
only  a  plasma  column  formed  within  a  Z-Pinch  discharge  [35,  36]. 

Intense  X-ray  pulses  emitted  from  DMP  discharges  can  be  used  for  X-ray  mi¬ 
croscopy  (XMI).  The  application  of  a  short  wavelength  radiation  makes  possible 
observations  of  objects  smaller  than  in  a  conventional  optical  microscope.  First 
X-ray  microscope  systems,  based  on  small-angle  reflections  from  crystal  surfaces, 
were  developed  for  studies  of  micro-targets  bombarded  with  high-intensity  laser 
pulses.  In  those  cases  the  use  was  made  of  the  X-ray  emission  from  the  target 
plasma.  For  an  active  X-ray  microscope  analysis  of  non-radiating  objects  one 
needs  an  external  X-ray  source,  e.g.  an  X-ray  laser. 

A  scheme  of  such  an  X-ray  microscope  was  developed  at  the  Princeton  Uni¬ 
versity,  USA  [37].  The  system  is  called  COXRALM  (Composite  Optical  X-Ray 
Laser  Microscope)  and  it  uses  an  SXL  laser  emitting  CVI-18.2  nm  line  radiation. 
This  radiation  is  transmitted  through  a  vacuum-tight  SiN  window  of  ^  0.1  /im 
in  thickness.  The  radiation  pulse  penetrates  an  investigated  object,  e.g.  living 
cell  placed  under  normal  pressure,  and  it  is  used  for  the  production  of  a  replica. 
Pictures  of  living  cells,  taken  from  replicas  produced  by  means  of  this  X-ray 
microscope,  ensure  the  spatial  resolution  of  about  100  nm. 
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An  X-ray  pulse  for  the  X-ray  microscopy  can  also  be  taken  from  a  small  Z- 
pinch  or  PF  device.  A  scheme  of  the  X-ray  microscope  using  PF  discharges  was 
designed  and  constructed  in  Aachen,  Germany  [38].  In  the  center  of  the  system 
there  is  placed  a  small  PF  device  oriented  upward  and  powered  by  a  condenser 
bank,  placed  in  the  basis  shielded  with  a  Faraday  screen.  The  PF  chamber  is 
usually  filled  with  nitrogen,  and  during  PF  discharges  the  X-ray  pulses  penetrate 
an  appropriate  window,  upon  which  are  located  investigated  objects.  The  scheme 
of  this  system  and  an  example  of  its  application  are  shown  in  Fig.  25. 


X-RAY  SOURCE  FOR  MICROSCOPY 


FIG.  25.  Schematic  of  the  PF-type  system  used  for  the  X-ray  microscopy  [38]  Taking  X-ray 
microscopic  pictures,  e.g.  of  the  living  Diatomee  bacteria  (shown  on  the  right),  one  can 
discern  details  with  the  resolution  of  about  200  nm. 

X-ray  pulses  emitted  from  BMP  discharges  can  also  be  used  for  technological 
purposes,  eg.  for  X-ray  lithography  (XLI).  Due  to  the  use  of  the  short-wave 
radiation  it  is  possible  then  to  map  smaller  objects  and  to  pack  more  circuits 
upon  a  wafer,  e.g.  with  distances  below  100  nm.  As  an  X-ray  source  one  can  use 
a  PF-type  device  which  scheme  was  presented  above.  The  problem  is  that  the 
X-ray  emission  from  a  typical  PF  machine  contains  a  continuous  spectrum  and 
spectral  lines  of  excited  ions.  Therefore,  it  is  necessary  to  optimize  X-ray  pulses 
by  using  appropriate  working  gas,  e.g.  neon,  which  emits  intense  lines  within 
the  wavelength  region  from  about  0.9  to  1.4  nm  [39].  Comparison  of  the  typical 
and  optimized  spectra  is  presented  in  Fig.  26. 

The  X-ray  pulses  for  the  lithography  can  also  be  obtained  from  a  gas-puffed 
Z-Pinch  device.  A  scheme  of  the  gas-puffed  Z-Pinch  machine  equipped  with  a 
special  cylindrical  pulsed  valve,  which  injects  a  gas  stream  into  the  inter-electrode 
region,  was  developed  e.g.  at  the  Imperial  College  in  London,  UK  [40].  When 
a  HV  pulse  is  applied  between  the  electrodes,  the  quasi-cylindrical  gas  shell  is 
ionized  and  it  undergoes  the  radial  compression  by  electromagnetic  forces.  The 
total  X-ray  yield  depends  on  a  time  delay  between  the  opening  of  the  gas  valve 
(injecting  argon)  and  the  application  of  high  voltage  between  the  electrodes.  The 
system  generates  about  450  J  of  X-rays,  what  corresponds  to  about  5-10%  of  the 
initial  energy  delivered  from  a  capacitor  bank. 

The  PF-type  sources  of  X-ray  pulses  for  industrial  lithography  have  been 
developed  in  Japan  [41]  and  Singapore  [42].  A  scheme  of  the  PF  device  adopted 
for  industrial  applications  is  shown  in  Fig.  27. 
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development  of  X-radiating  plasma  sources  is  illustrated  by  a  diagram  presented 
in  Fig.  28. 


i 


1 

10 

Peak  Current  (MA) 

FIG.  28.  X-ray  yields  (from  the  argon  k-shell)  versus  the  peak  current  value,  as  obtained  in  a 
series  of  Z-Pinch  experiments  performed  in  USA  [43]. 

Since  in  the  experiments  with  the  Z  machine  at  the  Sandia  Laboratories 
there  were  achieved  290  TW  X-ray  pulses,  US  experts  have  already  designed 
the  next-generation  facility  (so-called  X-1  machine),  which  could  deliver  1000 
TW,  16  MJ  in  X-ray  pulses  needed  for  inertial  confinement  fusion.  It  is  an 
attractive  alternative  to  laser-based  fusion  experiments,  because  of  its  higher 
efiiciency  and  lower  costs.  It  has  been  proposed  to  enclose  the  Z-Pinch  within 
a  radiation  chamber  (Hohlraum)  that  traps  the  radiation  and  heats  up  a  fusion 
fuel  pellet  located  on  the  z-axis.  The  key  is  that  the  X-rays  (generated  as  the 
pinch  collapses)  can  be  contained  to  bathe  and  to  heat  the  fuel  pellet  uniformly. 
One  of  the  proposed  configurations  is  presented  in  Fig.  29. 


Fig.  29.  Schematic  of  a  triple  Hohlraum  with  the  fusion  pellet  placed  in  the  center. 
According  to  this  scheme  the  powerful  X-radiation  from  two  side  Z-Pinches  vaporize  outer 
layer  of  the  pellet,  which  bursts  outward  and  implodes  inward,  inducing  the  ignition  of  the 

nuclear  fusion  reactions  [12]. 
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Also  corpuscular  emission  from  Z-Pinch  and  PF  facilities  can  be  used  for 
different  applications.  Energetic  ion  and  electron  beams  can  be  used  for  material 
testing  and  engineering.  Fast  neutrons  (2.4  MeV  neutrons  from  D-D  reactions  or 
14.1  MeV  neutrons  from  D-T  reactions)  can  be  used  for  radiography  or  activation 
analysis,  e.g.  by  (np)  or  (n7)  reactions. 

Particular  attention  is  paid  to  possible  uses  of  high  neutron  yields  {>  10 
neutrons/shot)  from  large  PF  facilities  for  the  construction  of  a  hybrid  (fusion- 
fission)  reactor  [44].  Some  investigators  are  even  more  optimistic  [44,  45],  propos¬ 
ing  to  achieve  the  breakeven  in  new  large  PF  facilities  of  a  10-30  MJ  scale,  as 
shown  in  Fig.  30. 


FIG.  30.  Optimistic  scaling  of  the  PF  experiments  [45]  The  neutron  yield  versus  the  discharge 
current,  as  measured  or  estimated  for  D-D  and  D-T  reactions,  respectively.  The  symbol 
k  describes  the  ratio  of  fusion  energy  to  input  energy. 

Prospects  of  the  10-30  MJ  PF  facilities,  proposed  as  the  next-generation 
DMP  systems,  will  of  course  depend  on  the  mastering  of  the  neutron  saturation 
effects  described  above.  On  the  other  hand,  to  design  and  construct  new  large 
DMP  facilities  it  is  necessary  to  develop  the  international  scientific  cooperation. 


5.  International  collaboration  in  DMP  research 

In  history  of  DMP  research  one  can  find  numerous  examples  of  the  international 
scientific  cooperation.  Plasma  investigators  from  different  countries  participated 
in  Z-Pinch  and  PF  experiments  performed  in  England,  France,  Germany  etc.[6, 
7],  The  recent  Z-Pinch  and  PF  studies  have  also  performed  by  international 
teams  [16,  46].  In  Poland  the  PF  studies  have  been  carried  out  within  a  frame  of 
the  scientific  cooperation  with  foreign  plasma  research  centers  for  many  years. 
In  particular  there  was  active  collaboration  with  plasma  groups  operated  at  the 
IFF  in  Stuttgart,  Germany,  the  Kurchatov  Institute  in  Moscow,  Russia,  and  the 
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Kharkov  Institute  of  Physics  and  Technology,  in  Kharkov,  Ukraine.  For  example 
-  extensive  studies  of  the  ion  emission  were  performed  in  the  collaboration  with 
the  IPF  team  [17,  26],  and  research  on  polarization  of  X-ray  lines  was  carried 
out  together  with  visitors  from  the  Kurchatov  Institute  [22],  Small-scale  Z- 
Pinch  experiments  were  performed  by  the  joint  Czech-Polish  team  [10],  and 
some  low-energy  PF  experiments  were  carried  out  by  Argentine-Polish  teams 
[47,  48].  Recent  experiments  with  PF-360  and  PF-1000  facilities  have  also  been 
performed  with  the  participation  of  investigators  from  the  countries  mentioned 
above. 

To  promote  the  international  collaboration  in  DMP  research,  several  years 
ago  a  group  of  plasma  experts  from  16  countries,  which  was  organized  under  aus¬ 
pices  of  UNESCO,  elaborated  a  proposal  of  the  International  Center  for  Dense 
Magnetized  Plasma  (ICDMP)  [49].  That  proposal  summarized  knowledge  about 
PF  research  [49,  50]  and  it  showed  that  a  collaborative  effort  is  needed  to  investi¬ 
gate  strong  non-linear  and  turbulent  phenomena  in  DMP.  The  PF  configuration 
was  proposed  as  the  initial  load  for  a  1-MJ  facility,  because  PF  technology  (based 
on  10-100  kV  capacitor  banks)  is  less  complicated  and  less  costly  than  MV  pulsed 
power  technology.  The  PF  device  enables  also  larger  numbers  of  shots  to  be  per¬ 
formed. 

Different  countries  (in  a  chronological  order:  Italy,  Poland,  China,  Romania, 
and  Argentina)  offered  sites  and  some  equipment  for  setting  the  ICDMP,  and  the 
ICDMP  Steering  Committee  was  established  at  UNESCO  in  1994.  During  the 
meeting  held  in  Prague,  Czech  Republic,  in  1995,  representatives  of  8  countries 
endorsed  the  project.  The  ICDMP  proposal  was  also  recommended  by  the  IAEA 
Advisory  Group  Meeting,  held  in  Vienna,  Austria,  in  1996.  Finally,  the  ICDMP 
Steering  Committee  meeting,  as  held  in  Palaiseau,  Prance,  in  1997,  decided  that 
the  ICDMP  should  be  located  at  the  IFPiLM  in  Warsaw,  Poland.  It  was  taken 
into  account  that  there  is  available  an  appropriate  laboratory  building  as  well  as 
the  PF-1000  machine  with  some  sophisticated  diagnostics,  as  shown  in  Fig.  31. 

The  Steering  Committee  meeting,  as  held  in  Kudowa,  Poland,  in  July  1998, 
decided  to  submit  a  new  application  for  the  UNESCO  assistance.  Mr.  Federico 
Mayor  -  Director  General  of  UNESCO  -  visited  Warsaw  in  September  1998,  and 
he  promised  a  financial  assistance  in  the  organization  of  ICDMP.  He  proposed 
also  to  prepare  an  ofiicial  agreement  between  UNESCO  and  the  National  Atomic 
Energy  Agency  (NAEA)  of  Poland.  Such  a  document  has  already  been  signed 
by  NAEA  and  it  should  be  co-signed  by  UNESCO  in  August  1999.  According 
to  the  UNESCO  Draft  Program  and  Budget  for  2000-2001  the  establishment 
of  ICDMP  is  to  be  supported  from  a  regular  budget  of  UNESCO.  The  recent 
ICDMP  Steering  Committee  meeting,  as  held  in  Warsaw  on  July  7-9,  1999, 
decided  to  imdertake  new  measures  to  accelerate  the  ofiicial  establishment  of 
ICDMP.  It  has  just  been  proposed  to  call  the  ICDMP  Organization  Meeting  in 
Warsaw  in  November  1999. 

According  to  the  ICDMP  Proposal  and  the  Agreement  mentioned  above,  the 
main  objectives  of  the  Center  shall  be  as  follows: 

--  Contribution  to  the  progress  of  knowledge  in  the  field  of  DMP  physics  and 
technology;  through  research,  training  and  education; 
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FIG.  31.  General  view  of  the  PF-1000  experimental  chamber  and  of  some  diagnostic 
equipment.  Dynamics  of  PF  discharges  is  studied  with  high-speed  cameras  placed  side-on, 
and  ion  beams  are  measured  with  a  Thomson  analyzer  adjusted  along  the  z-axis.  X-ray  and 
neutron  equipment  is  placed  side-on  and  above  the  chamber. 


—  Promotion  of  implementation  of  research  findings  into  practical  applications; 

—  Support  and  maintenance  of  international  scientific  cooperation,  exchange 

and  communication; 

—  Dissemination  of  information  on  scientific  achievements. 

The  resources  necessary  for  the  ICDMP  activities  shall  consist  of  the  con¬ 
tribution  allocated  by  IFPiLM,  contributions  of  UNESCO  and  contributions  of 
states  and  institutions  declaring  their  participation  in  the  Center  activities. 


6,  Summary  and  conclusions 

The  most  important  conclusions  from  the  review  presented  above  can  be  sum¬ 
marized  as  follows: 

•  Z-Pinch  &  PF  discharges  are  sources  of  intense  electromagnetic  and  cor¬ 
puscular  radiation  pulses.  Electromagnetic  radiation  extends  from  radio 
waves  to  hard  X-rays.  Corpuscular  radiation  contains  fast  electrons,  pro¬ 
tons,  deuterons,  heavy  ions  (depending  on  working  gas  and  impurities),  as 
well  as  fusion  neutrons  (from  D-D  or  D-T  reactions). 

•  The  optimization  of  such  discharges  leads  to  the  emission  of  very  intense 
X-ray  pulses,  e.g.  the  Z  machine  in  Sandia  Laboratory  (using  multi- wire 
liners)  can  emit  >  2  MJ  of  X-rays  in  a  few  nanosecond  pulse,  with  the 
maximum  power  >  290  TW,  at  45%  efficiency. 
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•  The  fast  deuterons  or  protons  (depending  on  gas)  are  emitted  in  the  form 
of  pulsed  micro-beams  forming  ion ’bunches.  A  moderate  60  kJ,  50  kV,  PF 
machine  can  produce  >  10^^  deuterons/pulse  of  energy  >  300  keV.  Energy 
spectra  indicate  that  the  ions  are  accelerated  in  strong  (>  50  MV/cm) 
local  electrical  fields,  which  appear  within  a  DMP  column. 

•  Similar  processes  are  responsible  for  the  acceleration  of  pulsed  electron- 
beams  in  the  direction  opposite  to  ions.  Measurements  show  e-beams  of 
energy  ranging  from  several  tens  to  several  hundreds  keV,  emitted  in  pulses 
of  the  nanosecond  scale. 

•  Applications  of  Z-Pinch  &  PF  machines  extend  from  basic  plasma  research 
to  material  studies,  and  from  modeling  of  nuclear  explosions  to  design  of 
fusion  reactors.  The  post  cold-war  era  makes  possible  an  effective  inter¬ 
national  collaboration  in  research  on  DMP.  This  opportunity  is  enhanced 
also  by  the  organization  of  ICDMP  under  auspices  of  UNESCO  and  IAEA. 
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High  intensity  laser  interaction  with  a  plasma  exhibits  a  rich  variety  of  strongly  nonlinear 
plasma  phenomena.  In  an  underdense  plasma,  stimulated  Raman  scattering  (^SRS^  and  stim¬ 
ulated  Brillouin  scattering  (SBS)  are  two  laser  parametric  instabilities  of  a  greatest  relevance. 
^Ve  show  examples  of  isolated  nonlinear  SRS  and  SBS  and  discuss  some  of  the  experimental 
SRS  anomalies  that  largely  depart  from  the  standard  theory.  As  an  example  of  a  complex 
interplay  between  nonlinear  SRS  and  SBS  we  show  results  of  their  anti-correlated  behavior. 
Based  on  a  concept  of  self-organization  we  put  forward  a  simple  model  of  capable  of  repro¬ 
ducing  basic  experimentally  observed  anomalous  features.  Finally,  we  close  with  an  example  of 
fascinating  new  physics  observed  in  SRS  induced  by  an  ultra-short  pulse  relativistic-intensity 
laser. 


1.  Introduction 

Laser  plasma  interactions  are  a  useful  model  for  exploring  strongly  nonlinear 
plasma  phenomena.  In  particular,  high  intensity  laser  coupling  with  a  hot  plasma 
exhibits  various  nonlinear  plasma  processes  including  laser  parametric  instabil¬ 
ities.  In  laser  driven  inertial  confinement  fusion  (IGF)  research,  great  concern 
is  related  to  nonlinear  laser  parametric  instabilities  operating  in  an  underdense 
plasma;  such  as,  stimulated  Brillouin  scattering  (SBS)  and  stimulated  Raman 
scattering  {SRS)  [1,  2,  3].  Stimulated  scattering  of  laser  light  apart  from  an 
undesirable  energy  loss  frequently  produces  hot  electrons  that  can  pre-heat  the 
IGF  target.  It  is  a  purpose  of  this  lecture  to  review  some  of  complex  and  highly 
nonlinear  laser  plasma  phenomena  related  to  scattering  of  laser  light  in  a  plasma. 
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It  is  this  physical  situation  where  observed  anomalous  features  point  out  to  an 
inadequacy  of  standard  linear  alike  theories  [1,  2,  4]. 

Firstly,  we  shall  focus  on  examples  of  isolated  nonlinear  SBS  and  SRS  plasma 
processes.  Further,  we  point  out  that  certain  experimentally  observed  anomalies 
could  possibly  result  from  a  complex  interplay  of  two  and  more  coexisting  nonlin¬ 
ear  plasma  instabilities.  In  particular,  we  discuss  the  question  of  self-consistency 
in  plasma  modeling  and  coexistence  and  interplay  between  nonlinear  stimulated 
Brillouin  and  Raman  scattering.  The  term  Complexity  in  a  more  rigorous  sense 
denotes  evolution  of  highly  nonlinear  far  from  equilibrium  systems  exhibiting  in¬ 
stabilities,  structural  bifurcation  and  self-organization  to  complex  ordered  states 
[5].  Following  the  concept  of  self-organization,  we  put  forward  a  simple  self- 
consistent  model  of  stimulated  Raman  scattering,  capable  of  producing  basic 
anomalous  features  similar  to  those  observed  in  high  intensity  laser  plasma  ex¬ 
periments  [6,  7]. 


2.  Stimulated  Raman  and  Stimulated  Brillouin  Scattering 


Parametric  instabilities  are  of  a  great  concern  in  the  high-intensity  laser-plasma 
interaction  experiments  (/  >  10^^  W/cm^)  since  they  can  produce  reflection  and 
scattering  of  incoming  laser  light  and  generate  hot  electrons  [1,  2,  3]. 

Laser  driven  parametric  instabilities  were  first  considered  for  gases.  However, 
it  appears  that  the  self-consistent  electric  fields  created  by  charged  particles  in  a 
plasma  lead  to  more  complex  behavior  than  in  gases  and  solids.  More  precisely, 
parametric  instabilities  are  due  to  laser  light  wave  coupling  with  normal  modes  of 
the  medium.  The  normal  modes  in  a  plasma  are  either  low  frequency  electrostatic 
waves,  the  ion  sound  waves,  or  high  frequency  electrostatic  waves,  the  electron 
plasma  (Langmuir)  waves.  A  parametric  coupling  between  three  or  more  waves 
can  occur  when  momentum  and  energy  matching  conditions  are  satisfied  (vide 
infra). 

Further,  we  concentrate  on  stimulated  Brillouin  scattering  instability  and 
stimulated  Raman  instability  because  these  are  the  two  most  important  insta¬ 
bilities  in  the  underdense-  coronal  plasma  and  of  basic  relevance  to  the  coupling 
of  laser  energy  to  a  target.  SBS  is  the  parametric  decay  of  the  incoming  laser  light 
into  another  laser  light  wave  and  an  ion  sound  wave.  This  process  can  occur  at 
any  plasma  density  below  critical  density  (the  density  where  the  laser  frequency 
equals  local  electron  plasma  frequency)  and  is  weakly  sensitive  to  the  density 
non-uniformity.  SRS,  on  the  other  hand,  is  the  decay  of  the  incoming  laser  light 
into  second  light  wave  and  a  Langmuir  (electron  plasma)  wave.  It  takes  place 
below  the  quarter  of  the  critical  density,  first  as  an  absolute  instability  while  at 
lower  densities  SRS  turns  into  a  convective  instability  [8].  Below  critical  density 
several  other  parametric  instabilities  can  also  exist,  such  as,  e.g.,  electromagnetic 
decay  instability,  two-plasmon  decay  instability  and  filamentation  instability  (see 
Fig.  1).  Each  instability  is  limited  by  the  dispersion  relation  and  the  frequency 
and  wavenumber  matching  conditions.  Initially,  most  of  the  theory  has  been 
addressing  the  linear  behavior  of  laser  parametric  instabilities.  Typically,  insta¬ 
bility  threshold  and  exponential  growth  rate  in  weak  and  strong  coupling  limits 
were  analytically  calculated  for  various  parametric  processes  [1,  2,  9].  However, 
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it  appeared  that  in  most  experiments,  these  instabilities  are  almost  always  in 
a  nonlinear  state  [10].  Moreover,  it  often  happens  that  laser  parametric  in¬ 
stabilities  saturate  through  strongly  nonlinear  regimes  that  correspond  to  large 
amplitude  waves  leading  to  plasma  heating  through  wavebreaking  and  electron 
trapping  [2,  11]. 


Distance 

Fig.  1.  Regions  of  underdense  (corona)  plasma  where  various  laser  instabilities  can  exist. 


3.  Anomalous  regimes  of  SRS 

Extensive  experimental  studies  of  nonlinear  stimulated  Raman  backscattering 
[3,  8,  10]  have  been  followed  by  analytics,  fluid  and  particle  simulations  [1,  2, 
7,  12].  In  a  strongly  driven  case,  Raman  instability  exponentiates  until  arrested 
by  nonlinear  and  dissipative  effects.  The  saturation  comes,  basically,  through 
pump  depletion  and/or  higher  order  nonlinearities  as  well  as  kinetic  dissipation 
related  to  electron  trapping  and  Langmuir  wave  breaking  [1,  2].  While  pump 
depletion  is  readily  included  in  fluid  modeling,  the  latter  effects  are  inherently 
kinetic.  However,  after  more  than  two  decades  of  intensive  particle  simulation 
studies,  nonlinear  Raman  scattering  is  understood  to  posses  relatively  clear, 
albeit  anomalous  overall  features  [2].  Suppression  of  SRS  is  highly  desirable  in 
connection  with  a  need  to  reduce  hot  electron  generation.  Indeed,  correlation 
between  hot  electron  generation  and  SRS  was  found  in  many  experiments.  A 
primary  source  for  hot  electron  generation  is  understood  to  be  due  to  large 
amplitude  Langmuir  waves  excited  in  a  plasma.  In  Fig.  2  the  fraction  of  the 
laser  energy  in  hot  (supra- thermal)  electrons  was  plotted  versus  the  measured 
fraction  of  the  energy  of  Raman  scattered  laser  light  [10].  Excellent  correlation 
has  also  been  found  in  temporally  resolved  data. 

As  a  result  of  electron  trapping  and  breaking  of  large  Langmuir  waves  a  hot 
tail-suprathermal  electron  population  is  generated  [2,  11].  The  corresponding 
velocity  of  hot  (fast)  electrons  roughly  equals  the  phase  velocity  of  the  electron 
plasma  wave.  As  a  general  feature,  two  temperature  (Maxwellian-like)  electron 
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Haman  scattered  light  fraction 

FIG.  2.  The  fraction  of  laser  energy  in  hot  (supra-thermal)  electrons  as  inferred  from  hard 
x-rays  versus  the  measured  fraction  of  energy  in  Raman  backscattered  light;  after  [10]. 


distribution  is  recorded,  for  the  thermal  (bulk)  and  suprathermal  (hot  tail)  elec¬ 
trons.  Energy  exchange  leads  to  an  increase  of  the  bulk  temperature  at  the 
expense  of  plasma  wave  dissipation.  However,  actual  details  of  this  complex 
scenario  are  determined  by  wave  turbulence  and  the  electron  transport,  both 
influenced  strongly  by  boundary  and  other  plasma  conditions.  Thus,  qualitative 
understanding  of  anomalous  Raman  features  has  enabled  useful  scaling  relations 
and  semi-empirical  formulae,  typically  extracted  from  the  averaged  (time  and 
shot)  short-run  data  [2].  Generally  taken,  a  realistic  long  time  saturation  (e.g. 
>10,000  plasma  wave  periods)  does  not  appear  to  be  assessable  to  even  high 
performance  particle  simulation  due  to  required  computer  time  and  limitations 
of  the  numerical  scheme  involving  large  number  of  particles  [2,  13].  It  is  this 
situation  that  has  motivated  us  to  address  a  problem  of  anomalous  Raman  in 
a  long  time  evolution.  In  the  last  section,  we  study  a  SRS  saturation  to  self¬ 
organizing  plasma  states  using  a  general  concept  of  complexity  in  plasmas  in 
a  system  open  to  an  environment  [6].  We  develop  a  phenomenological  hybrid 
kinetic-fluid  model  to  try  to  emulate  basic  physics  of  anomalous  Raman  as  a 
precursor  to  state-of-the-art  particle  simulation  with  open  boundaries,  planned 
for  the  future. 

Moreover,  in  many  experiments  scattered  light  associated  with  SRS  has  been 
measured  with  features  that  are  difficult  to  explain  using  linear  theory  [4] .  Also, 
there  have  been  several  hypotheses  concerning  the  origin  of  observed  spectra 
including  those  that  questioned  the  dominant  role  of  SRS.  Recently,  Thomson 
scattering  was  used  to  image  the  Langmuir  wave  spectrum  in  frequency  and 
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wavenumber,  related  to  SRS  in  exploding  foil  and  solid  targets  [14].  While 
the  observed  Langmuir  waves  were  consistent  with  SRS,  substantial  spectral 
broadening  in  both  frequency  and  wavenumber,  in  particular,  has  puzzled  these 
authors  [14].  We  believe  that  above  spectral  anomalies  can  be  explained  by 
a  theoretical  model  of  SRS  due  to  Skoric  [7,  13].  This  simple  3- wave  model 
predicts  an  intermittent  transition  to  chaos  in  space  and  time  with  growing  laser 
intensity,  resulting  in  anomalous  SRS  features;  such  as,  incoherent  broadening 
of  frequency  and  wavenumber  spectra  (vide  infra). 

4.  Interplay  between  laser  plasma  instabilities 

The  interaction  of  laser  light  and  different  plasma  modes  that  takes  place  in  the 
coronal  plasma  often  do  not  appear  in  isolation,  and  consequently  a  rich  inter¬ 
play  between. laser  plasma  instabilities  is  observed  [4].  Of  particular  importance 
is  the  interaction  between  two  scattering  instabilities:  stimulated  Raman  and 
stimulated  Brillouin  instability.  For  those  plasma  parameters  of  interest  to  ICF^ 
it  was  found  that  SRS  and  SB S  can  coexist  over  large  underdense  plasma  re¬ 
gions,  while  their  growth  and  saturation  my  be  affected  by  each  other.  On  the 
other  hand,  a  simultaneous  presence  of  SRS  and  SBS  suggests  the  possibility 
for  various  couplings  between  Langmuir  and  ion  sound  wayes.  We  discuss  simple 
examples  of  direct  and  indirect  interplay  between  SRS  and  SBS  and  consider 
their  effect  which  can  inyalidate  scaling  to  experiments  using  linear  instability 
growth  rate. 

The  first  experimental  observation  of  competition  between  stimulated  Bril¬ 
louin  and  stimulated  Raman  scattering  was  reported  in  early  eighties  [15].  When 
the  temporal  evolution  of  SRS  and  SBS  light  was  compared,  a  strong  correlation 
was  observed  between  saturation  level  of '5R/S',  and  the  level  of  SBS  light.  In 
a  preformed  plasma,  driven  with  1  nsec  CO2  laser  pulse,  direct  observation  of 
Langmuir  waves  associated  with  SRS  and  ion  waves  related  to  SBS  was  made 
possible.  An  early  quenching  of  SRS  by  5RS  produced  ion  sound  waves  was 
found  (see.  Fig.  3).  The  Langmuir  waves  were  observed  only  during  the  early 
part  of  the  laser  pulse,  and  disappeared  coincidental  with  the  onset  of  ion  sound 
wave  driven  by  [15]. 

Ail  attempt  was  made  to  examine  a  possibility  to  suppress  stimulated  Raman 
and  Brillouin  scattering  by  increasing  a  collisionality  of  a  plasma.  Indeed  for 
SRS,  collisional  suppression  has  been  demonstrated,  as  it  appears  that  high 
enough  electron-ion  collision  rate  can  strongly  damp  SRS  driven  Langmuir  waves 
to  effectively  halt  the  instability  growth.  We  show  the  fraction  of  the  laser  energy 
that  was  Raman  scattered  in  disk  experiments,  plotted  in  Fig.  4  versus  estimated 
value  of  the  collision  frequency  to  the  instability  growth  rate  [16].  The  Raman 
reflectivity  drops  strongly  around  theoretically  predicted  value  of  the  collision 
over  growth  rate  close  to  0.3.  It  also  appears  plausible  to  expect  regimes  with 
suppressed  stimulated  Brillouin  scattering  by  increasing  the  ion  sound  damping. 
A  direct  way  to  enhance  ion  damping  is  to  increase  Landau  damping  by  changing 
plasma  composition  to  include  protons.  As  expected,  a  reduction  of  SBS  was 
observed  in  early  CO2  laser  experiments,  as  well  as  in  recent  gas  bag  and 
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FIG.  3.  Levels  of  ion  sound  waves  from  SBS  and  Langmuir  waves  from  SRS  obtained  by 
Thomson  scattering  in  a  preformed  plasma  with  a  CO2  laser.  The  Langmuir  waves  due  to 
SRS  were  observed  only  during  an  early  time  and  disappeared  coincidental  with  the  ion  sound 

waves  driven  by  SBS]  after  [15]. 


Fig.  4.  The  measured  fraction  of  the  light  Raman  scattered  from  Au  disks  versus  estimated 
ratio  of  the  electron-ion  collision  frequency  to  the  SRS  growth  rate.  The  disks  were  irradiated 
with  0.3  microns  laser  light  at  various  intensities;  after  [16]. 

toroidal  hohlraum  targets  using  Nova  laser  [4],  However,  rather  unexpectedly, 
novel  regimes  are  also  found  where  larger  ion  wave  damping  enhances  the  stim¬ 
ulated  Raman  scattering  [4].  It  turned  out,  that  even  if  the  linear  growth  rate 
of  SRS  is  independent  of  ion  sound  damping  the  saturation  level  of  SRS  driven 
Langmuir  wave  can  depend  on  the  secondary  parametric  process.  Namely,  the 
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SO  called  Langmuir  decay  instability  which  is  the  Langmuir  decay  into  another 
Langmuir  plus  ion  sound  wave  has  a  threshold  proportional  to  both  electron 
and  ion  damping  rates  [17,  18].  For  larger  ion  damping  the  threshold  is  higher, 
leading  to  higher  electron  density  fluctuation  and  higher  reflectivity  of  saturated 
SRS,  Indeed,  an  increase  of  SRS  with  ion  sound  damping  observed  in  recent  gas 
bag  experiments  is  shown  in  Fig.  5.  The  ion  damping  was  varied  by  changing 
the  proton  impurity  fraction.  A  regime  is  clearly  seen  where  SRS  reflectivity 
increases  with  damping  [19].  The  early  time  results  correspond  to  higher  tem¬ 
peratures.  Indeed,  in  this  novel  nonlinear  regime  one  finds  that  SRS  and  SBS 
appear  to  be  anti-correlated. 


Normalized  Ion  Wave  Damping 


0  0,05  0.1  0,15  0.2  0.25  0.3  0.35 

Impurity  Fraction 

Fig.  5.  SRS  reflectivity  measured  with  gas  bag  targets  versus  the  proton  impurity  fraction 
and  normalized  ion  sound  damping;  after  [4,  19].  A  novel  regime  in  which  SRS  reflectivity 
increases  with  ion  sound  damping  is  evident. 

Understanding  of  nonlinear  saturation  of  SRS  and  SBS  is  critical  for  the 
success  of  laser  fusion  with  targets  designed  to  achieve  ignition;  such  as  those 
recently  proposed  for  the  National  Ignition  Facility  (NIF)  [20,  21].  The  NIF, 
currently  under  construction  at  Livermore,  USA  with  nominal  laser  energy  of 
1.8  MJ  in  192  laser  beams,  is  expected  to  achieve  ignition  in  both  direct  and 
indirect  (X-ray)  driven  IGF  [22,  23,  24],  To  validate  performance  of  high-gain, 
direct-drive  target  design  planned  for  the  NIF,  intensive  studies  of  laser-  plasma 
interactions  in  the  coronal  plasma  were  recently  undertaken  [25].  On  the  basis 
of  these  experiments,  it  was  concluded  that  SRS  and  SBS  were  not  likely  to 
present  a  serous  problem  for  direct  drive.  However,  above  statement  applies  for 
the  nominal  spatially  averaged  NIF  laser  intensity.  The  multi-beam  phase  plate 
smoothing  tends  to  produce  many  speckles  with  intensities  several  times  higher 
than  the  average,  to  be  a  potential  source  of  strong  SRS. 

In  the  indirect  drive  approach  to  IGF  with  large  multi-beam  laser  systems, 
several  laser  beams  will  be  focused  and  overlap  near  the  laser  entrance  hole  of  the 
hohlraum  [22],  Gorresponding  important  effects  of  multiple  laser  beams  on  SRS 


154 


M.  Skoric,  T.  Sato,  A.  Maluckov,  M.  Jovanovic 


and  SBS  and  their  competition  and  interplay  were  only  recently  investigated  [26]. 
The  competition  between  SBS  and  SRS  was  found  to  be  modified  compared  to  a 
single  beam  case.  The  observed  inhibition  of  SBS  and  enhancement  of  SRS  was 
explained  to  be  due  to  already  mentioned  secondary  process  of  Raman  driven 
Langmuir  decay  instability  [4,  26]. 

Finally,  we  stress  the  importance  of  self-consistent  calculations  based  on  the 
correct  zero-order  plasma  state  [4].  Recently,  it  was  pointed  out  that  in  laser 
produced  plasmas,  the  electron  velocity  distribution  can  be  rather  different  from 
Maxwellian,  even  if  effect  of  induced  plasma  waves  is  neglected.  The  usual 
Maxwellian  velocity  distribution  is  the  special  case  with  n  =  2  power  in  the 
exponent,  while  higher  n’s  correspond  to  the  so-called,  super  Gaussian  distri¬ 
butions  which  are  depleted  in  high  energy  electrons.  A  number  of  effects  can 
modify  the  electron  distribution.  For  example,  collisional  absorption  (inverse 
Bremsstrahlung)  preferentially  heats  slower,  more  collisional  electrons.  There¬ 
fore,  when  the  rate  of  electron  heating  is  greater  than  the  rate  at  which  they  are 
equilibrated,  the  heated  distribution  function  becomes  super  Gaussian.  More 
generally,  nonlocal  transport  results  in  distribution  functions  with  n  larger  than 
2;  while  at  high  intensities  one  finds  super  Gaussian  distributions  with  n  as  large 
as  5.  Modified  electron  distributions  can  result  in  many  important  effects,  rang¬ 
ing  from  changes  in  instability  thresholds  and  growth  rates  to  variations  in  the 
atomic  physics  [4]. 


5.  Self-organization  of  saturated  SRS 

5.1.  Background 

Self— organization  {SO)  is  a  generic  process  which  describes  a  spontaneous  forma- 
tion  of  an  ordered  structure  in  a  nonlinear  far-from  equilibrium  system.  Energy 
pumping,  nonlinear  instability,  entropy  production  and  expulsion  are  key  gov¬ 
erning  processes.  An  open  system  was  found  to  exhibit  different  features  in 
50,  depending  on  whether  the  energy  pumping  is  instantaneous — final  state  of 
minimum  energy,  or  continuous— the  dynamical  state  of  intermittence  [5,  6]. 

In  this  section,  an  attempt  is  made  to  study  kinetic  self-organization  through 
a  process  of  stimulated  Raman  backseat tering  {SRBS)  in  an  underdense  plasma 
[7].  As  described,  stimulated  Raman  scattering  is  a  resonant  three- wave  (3WI) 
parametric  instability  which  corresponds  to  the  decay  of  an  incident  electromag¬ 
netic  pump  wave  into  a  scattered  wave  plus  an  electron  plasma  wave  (EPW).  Im¬ 
portant  effects,  especially  in  the  context  of  laser— fusion  [2],  are  input  energy  loss, 
plasma  heating  and  generation  of  suprathermal  (hot)  electrons.  However,  to  ac¬ 
count  for  these  effects,  kinetic  treatment  of  highly  nonlinear  electron  interaction 
with  EPW  is  required.  To  emulate  these  effects  we  apply  a  hybrid  three— wave 
phenomenological  kinetic  model  of  SRBS,  recently  proposed  by  Skoric  et  al.  [12]. 
We  focus  at  dissipative  structures  that  evolve  at  plasma  micro-  and  macro-scales 
and  attempt  to  relate  entropy  rate  extrema  to  structural  transitions  between 
different  states  of  SO.  The  basic  theoretical  facts  about  hybrid  model  are  shown 
in  the  second  part.  Characteristic  numerical  results  in  the  context  of  SO  are 
exposed  in  the  third  and  fourth  part  of  this  section. 


5.2.  Hybrid  model 


The  basic  equations  are  coupled  three-wave  equations  [1,  7,  27]  for  slowly  varying 
complex  amplitudes  of  a  pump  (no),  backscattered  wave  (oi)  and  EPW  (02) 
respectively: 


(5.1) 


dt  ^  dx 


dao  dao 
dai  dai 


(20^2 


+  ^2-0 - 1-  ra2  +  ia\a2\^a2  ~  Poaoal . 


The  wave-particle  interaction  [2]  is  modeled  by  a  damping  term  in  the  EPW 
equation  of  (5.1),  ra2  which  includes  a  phenomenological  anomalous  kinetic  dis¬ 
sipation  and  entropy  balance  related  to  a  kinetic  self-organization.  Parameter  P 
consists  of:  collisional  damping  (Tcoli):  ’linear’  (Landau)  damping  by  hot  reso¬ 
nant  electrons  (7;  rih)^  where  nh{t)  stands  for  spatially  averaged  hot  electron 
density: 


(5.2) 
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dt 
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vfbdv  ~  a 
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Vh-Vtr{L,t) 


{rib  is  bulk  electron  density,  fb  is  bulk  distribution  function,  v^,  is  velocity  of  hot 
electrons  which  equals  the  EPW  phase  velocity,  vtr  is  trapping  velocity  and  a  is 
particle  transport  parameter),  and  nonlinear  damping  due  to  trapped  resonant 
bulk  electrons  (in  the  thermal  Maxwellian)  [2,  11]: 


(5.3) 


=  I  v^Mv)dv, 

Vh-Vtr{L,t) 


where  W{t)  is  spatially  averaged  EPW  energy. 

Open  boundaries  and  reemittance  of  fresh  ambient  electrons  [28]  is  assumed. 
The  particles  (bulk  and  hot  electrons)  and  energy  (wave  and  particle)  are  being 
exchanged  between  a  plasma  and  an  environment  through  open  boundaries  with 
a  conservation  of  particle  number  and  total  energy  in  the  system.  Accordingly 
heat  balance  equation  (effect  of  plasma  heating;  Eb,  Eh  and  Stot  Sb  +  Sh  +  sl 
are  the  average  bulk  and  hot  electron  energy  or  corresponding  energy  flux  of  the 
bulk,  hot  and  return  ambient  electrons,  respectively)  takes  a  form: 


(5.4) 


dWjt)  _  djEbjt)  +  Ehjt))  .  , 
dt  dt  ^ 


L 

0 


5.3.  Simulation 


The  simulation  is  made  via  central— difference  numerical  code  [7],  which  is  comple- 
mented  by  equations  for  generation  of  resonant  electrons  (5.2)  and  heat  balance 
equation  (5.4)  in  the  wave— particle  system. 
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Parameters  are:  no  =  O.lncr,  Tbo  =  0,5  keV,  plasma  length  is  equal  to  16 
microns  with  the  pump  intensity,  Pq  =  0.0253,  capable  of  driving  absolutely 
unstable  SRS  [9,  27],  Openness  of  a  system,  k  (0-1)  was  chosen  as  a  bifurcation 
parameter.  The  effect  of  self-organization  at  large  (wave-fluid)  macro-scales  is 
illustrated  in  Fig.  6.  Depending  on  k  the  system  shows  characteristic  features  of 
different  dynamical  regimes:  steady-state  {k  —  0,007),  quasi-periodic  (fc  ==  0.05), 
periodic  {k  =  0,5)  and  intermittent  regime  {k  >  0.9). 


TIME 

Fig.  6.  Density  of  hot  electrons  and  reflectivity  versus  time  [o;^ for  k  =  0.007,  0.05,  0.5,  0.9 

(top  to  bottom),  respectively. 

We  find  an  increasing  complexity  with  a  control  parameter,  along  the  generic 
route,  from  the  steady-state,  quasi-periodic  to  intermittently  chaotic  [6,  12].  In 
an  intermittent  regime  all  dynamical  variables  show  quasi-periodic  oscillations 
which  are  interrupted  by  chaotic  bursts  in  space  and  time.  The  corresponding 
SRS  backscatter  spectrum  readily  recovers  anomalies  similar  to  those  observed 
in  experiments  [7,  13].  In  particular,  increased  incoherent  spectral  broadening 
both  in  frequency  and  wavenumber,  at  least  qualitatively,  agree  with  those  re¬ 
cently  reported  [7,  13,  14],  In  Fig.  7  we  illustrate  the  micro-scale  (kinetic) 
self-organization  via  temporal  evolution  of  the  electron  distribution  function.  In 
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the  treatment  bi-Maxwellian  (bulk-hot)  electron  distribution,  as  suggested  by 
kinetic  and  particle-in-cell  (PIC)  simulations  [2,  13],  was  assumed.  One  can 
readily  observe  an  essential  connection  and  interplay  between  two  levels  of  50 
in  a  dissipative  plasma. 


FIG.  7.  Three-dimensional  view  of  the  electron  velocity  distribution  in  time  for  different 
saturated  Raman  regimes,  as  indicated  by  values  of  parameter  k.  Micro-kinetic  scale 
self-organization  of  varying  complexity  is  revealed  in  both  thermal  and  suprathermal  (hot) 

regions  of  the  electron  distribution. 


5.4.  Dissipative  structures  and  entropy  rate 

Self-organization  in  a  strongly  nonlinear  far-from-equilibrium  system  leads  to 
a  creation  of  ordered  states  that  reflect  an  interaction  of  this  system  with  its 
environment.  These  novel  dynamical  structures  or  patterns,  named  dissipative 
structures  to  stress  the  crucial  role  of  dissipation  in  their  creation,  have  become 
a  central  theme  of  the  science  of  complexity  [6,  7,  12].  On  the  other  hand,  there 
is  a  fundamental  role  of  the  entropy,  in  particular,  the  rate  of  entropy  change 
in  an  open  system  [5].  The  rate  of  entropy  production  and  its  removal  basically 
governs  self-organization  features  of  a  system.  A  large  amount  of  effort  has  been 
spent  in  attempts  to  relate  the  entropy  rate  extrema  to  structural  bifurcations 
and  transitions  between  different  ordered  states  [6,  7], 

First,  we  focus  at  self-organized  dissipative  structures  developed  at  the 
macro-scale.  Indeed,  in  this  model,  basic  wave  and  fluid  density  variables  were 
assumed  to  vary  slowly  in  space-time.  Therefore,  we  expect  that  original  spatial- 
temporal  profiles,  found  in  simulations,  should  correspond  to  large  dissipative 
structures,  self-organized  at  macro-scale  levels.  As  an  illustration,  we  plot  the 
plasma  wave  profiles  (Fig.  8),  in  particular,  to  reveal  a  genuine  spatial-temporal 
nature  of  an  intermittent  regime  as  compared  to  regular  dynamical  regimes  of 
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the  steady-state  and  quasi-periodic  type  [2,  12].  Spatial-temporal  complexity 
of  quasi-steady  and  traveling  wave  patterns  with  regular  and  chaotic  features  is 
found  in  different  states  of  self-organization. 


FIG.  8.  Spatial-temporal  profile  of  the  electron  plasma  wave  for  varying  k  values.  Different 
dissipative  structures  are  seen  on  the  route  to  complexity,  from  the  steady-state  via 
quasi-periodic  to  intermittent  regimes. 


Further,  in  Fig.  9  we  plot  the  entropy  rate  dS{t)/dt  in  time  together  with  a 
spatial-temporal  profile  of  the  scattered  wave  energy.  We  calculate  the  entropy 
S  related  to  distributions  Fi  =  nifi,  as:  S{t)  =  +  Sh,{t),  where 

L  oo 

Si{t)  =  —  J  dx  j  dvFi  (a;,  t)  InFi  (a;,  v,  t) 

0  -00 
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where  i  —  b^h. 

For  an  intermittent  regime,  featuring  an  interchange  between  chaotic  and 
laminar  phases,  we  find  a  clear  evidence  of  structural  transitions  correspond¬ 
ing  to  the  maximum  (positive)  and  minimum  (negative)  entropy  rate.  As  a 
striking  example  of  self-organization  in  an  open  system  we  find  a  rapid  entropy 
jump  which  coincides  with  an  onset  of  a  chaotic  phase.  Subsequent  anomalous 
dissipation  and  entropy  growth  is  halted  by  a  sudden  entropy  expulsion  into 
the  environment.  Negative  burst  in  entropy  rate  indicates  a  bifurcation  from  a 
chaotic,  back  to  a  laminar  quasi-periodic  phase.  An  intermittent  nature  of  this 
regime  is  shown  through  a  repetitive  pattern  of  behavior.  We  note  that  com¬ 
plex  dissipative  wave  structures  are  mapped  onto  a  more  simple  entropy  rate 
time  series.  Intervals  of  near  zero  entropy  rate  during  a  laminar  phase,  mean  a 
net  balance  between  the  entropy  production  and  its  expulsion.  This  serves  as 
a  possible  example  of  a  stationary  nonequilibrium  state  realized  in  a  strongly 
nonlinear  open  system  [6]. 


FIG.  9.  Intermittent  dissipative  backscatter-wave  structures  versus  the  corresponding  entropy 
rate  in  time.  Positive  entropy  jump  coincides  with  an  onset  of  chaos,  while  a  negative  burst 
indicates  a  transition  from  a  chaotic  to  a  laminar  phase  of  .JO  at  macro-scales. 


A  hybrid  nature  of  this  model  also  allows  us  to  recover  kinetic  properties  of 
self-organization.  To  show  the  self-organization  featuring  micro-levels,  we  plot 
the  electron  velocity  distribution  function.  In  Fig.  7  we  see  a  three-dimensional 
view  of  the  electron  velocity  distribution  in  time  for  different  saturated  Ra¬ 
man  regimes,  as  indicated  by  values  of  parameter  k.  Kinetic  self-organization 
of  varying  complexity  is  revealed  in  thermal  and  suprathermal  (hot)  regions  of 
the  electron  distribution.  In  Fig.  10,  we  further  plot  the  electron  distribution 
in  time  versus  the  entropy  rate  related  to  an  intermittent  regime.  Once  again, 
an  evidence  of  micro-scale  structural  transitions  that  correspond  to  entropy  rate 
extrema,  is  found.  Indeed,  one  is  able  to  observe  a  complex  connection  and  inter¬ 
play  between  macro  and  micro  levels  of  self-organization  in  an  open  dissipative 
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plasma. 


Fig.  10.  Intermittent  electron  distribution  versus  the  entropy  rate  in  time.  Similar  to  Fig.  9, 
structural  bifurcations  at  micro-scales,  correspond  to  entropy  rate  extrema. 


5.5.  Discussions 

We  believe  that  above  findings  appear  to  be  a  first  indication  of  a  generic  inter¬ 
mittent  scenario  in  a  kinetic  self- organization  of  anomalous  Raman  instability. 
At  this  point  we  may  note  that  one  is  able  to  claim  a  consistency  with  the  work¬ 
ing  hypothesis  and  general  scenario  of  self-organization  in  plasmas  [6,  12].  As 
a  further  step,  we  expect  an  important  justification  of  our  hybrid  -modeling  of 
saturated  Raman  complexity  by  the  novel  open  boundary  particle  simulation 
code,  currently  under  development  [28].  As  an  early  illustration,  we  show  in  Fig. 
11,  recent  particle-in-cell  simulation  data  for  a  model  of  an  isolated  plasma  slab 
in  a  vacuum  [13].  For  same  plasma  parameters,  particle  simulations  (Fig.  11) 
show  an  evident  support  of  above  Raman  reflectivity  pattern  (Fig.  6,  right  top), 
obtained  for  a  closed  (k  =  0.007)  system. 


6.  Summary 

In  this  review  we  have  addressed  some  important  examples  of  a  complex  plasma 
behavior  related  to  nonlinear  SRS  and  SBS  instabilities.  As  an  introduction  we 
have  discussed  nonlinear  saturation  of  the  isolated  Raman  and  Brillouin  scat¬ 
tering  in  laser  plasmas.  We  have  pointed  out  the  failure  of  standard  nonlinear 
parametric  theory  to  reproduce  experimentally  observed  SRS  anomalies.  As  an 
example  of  a  complex  interplay  we  show  data  on  coexisting  and  anti-correlated 
SRS  and  SBS.  Applying  the  general  concept  of  self-organization,  for  the  first 
time  to  SRS^  we  have  constructed  a  simple  but  powerful  3WI  model  for  anoma¬ 
lous  SRS  evolution  that  shows  consistency  with  particle  simulations. 
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B  =  0.02 


0 10"  5 10"  1 10*  1.5 10*  ’  2  10* 


FIG.  11.  Simulation  data  for  Raman  reflectivity  in  time,  obtained  by  an  one-and-two-balves 
electromagnetic,  relativistic,  particle-in-cell  code,  (after  [13]).  Initial  plasma  parameters  were 
the  same  as  above,  with  a  pump  equal  to  0.02. 


Finally,  we  turn  to  an  example  of  fascinating  new  physics  that  was  recently 
observed  as  one  moved  into  a  regime  of  collective  effects  in  plasmas  induced 
by  ultra-short  pulse  ultra-high  intensity  (/  >  10^^  W/cm^)  laser.  A  Livermore- 
UCLA  collaboration  has  observed  a  subpicosecond  version  of  classic  laser  plasma 
stimulated  Raman  backscatter  [29].  The  backscattered  light  displays  anomalous 
spectral  signatures  that  strongly  depend  on  laser  intensity.  Broad  and  modulated 
frequency  spectrum  that  spreads  to  the  blue  side  of  the  standard  Raman  shifted 
line,  that  is  obviously  different  from  classic  SRS,  was  typically  observed  (see 
Fig,  12).  The  use  of  prepulse  did  not  significantly  affect  the  modulation,  hence 


FIG.  12.  Spectra  of  backscattered  light  as  a  function  of  laser  pulse  intensity  demonstrating  a 
transition  from  classic  SRS  to  anomalous  backscattering;  after  [30];  and  private 

communication. 
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ruling  out  the  ionization  as  a  probable  cause.  More  recently  similar  results 
were  reported  by  Rutherford,  Limeil  and  Livermore  groups.  Above  spectral 
anomalies  were  recovered  and  explained  in  the  framework  of  a  simple  theoretical 
three- wave  fluid  model  of  SRS,  by  some  of  these  authors  [7].  Moreover,  it  was 
shown  [7,  12]  that  backscatter  complexities;  i.e.,  modulated  and  incoherently 
broadened  spectra  follow  a  quasi-periodic  and  intermittent  route  to  chaos  (vide 
supra),  while  a  spectral  blue  shift  was  attributed  to  a  relativistic  decrease  of 
plasma  frequency.  These  findings  were  reinforced  by  results  obtained  by  l|- 
dimensional,  fully  relativistic  particle  in  cell  simulations  [13]. 


Acknowledgements 

We  acknowledge  the  partial  support  and  the  visiting  professorship,  granted  to 
one  of  us  (M.M.S)  by  the  Ministry  of  Education,  Science,  Culture  and  Sport 
(Monbusho)  of  Japan.  This  work  was  supported  in  parts  by  the  Ministry  of 
Science  and  Technology  of  the  Republic  of  Serbia,  Project-OlEll. 


References 

1.  D.W.  Forslund,  J.M.  Kindel,  E.L.  Lindman,  Phys.  Fluids,  18,  1002,  1975. 

2.  W.L.  Kruer,  The  Physics  of  Laser  Plasma  Interactions,  Addison,  N.  Y.  (1988);  ibid.,  Phys.  Fluids, 
B3,  2356,  1991 

3.  H.A.  Baldis,  E.M.  Campbell  and  W.L.  Kruer,  Physics  of  Laser  Plasmas,  North-Holland, 
Amsterdam,  1991. 

4.  W.L.  Kruer,  B.B.  Afeyan,  A.E.  Chou,  R.K.  Kirkwood,  D.S.  Montgomery,  P.W.  Rambo, 

S. C.  Wilks,  Phys.  Scripta,  T75,  7,  1998;  and  references  therein. 

5.  G.  Nicolis  and  I.  Prigogine,  Exploring  Complexity,  Freeman,  N.Y.,  1989. 

6.  T.  Sato  and  the  Complexity  Simulation  Group,  Phys.  Plasmas,  3,  261,  1996. 

7.  M.M.  Skoric,  M.S.  Jovanovic,  M.  Rajkovic,  Phys.  Rev.,  E53,  4056,  1996  Europhys.  Lett., 
34,  19,  1996. 

8.  W.  Seka,  B.B.  Afeyan,  R.  Boni,  L.M.  Goldman,  R.W.  Short,  K.  Tanaka  and 

T. W.  Johnston,  Phys.  Fluids,  28,  2570,  1985. 

9.  M.N.  Rosenbluth,  Phys.  Rev.  Lett.,  29,  565,  1972. 

10.  R.P.  Drake,  R.E.  Turner,  B.F.  Lasinski,  K.G.  Estabrook,  E.M.  Campbell,  C.L.  Wang, 
D.W.  Phillion,  E.A.  Williams,  W.L.  Kruer,  Phys.  Rev.  Lett.,  53,  1739,  1984. 

11.  T.M.  0‘  Neil,  Phys.  Fluids,  8,  2255,  1965. 

12.  M.M.  Skoric,  T.  Sato,  A.  Maluckov,  M.S.  Jovanovic,  Phys.  Review,  E60,  7426,  1999. 

13.  S.  Miyamoto,  K.  Mima,  M.  Skoric,  M.  S.  Jovanovi6,  J.  Phys.  Soc.  Japan,  67,  1281,  1998. 

14.  K.L.  Baker,  R.P.  Drake,  K.G.  Estabrook,  B.  Sleaford,  M.K.  Prasad,  B.L.  Fontaine  and 
D.M.  Villeneuve,  Phys.  Plasmas,  6,  4284,  1999. 

15.  H.A.  Baldis,  D.M.  Villeneuve,  C.  Labaune,  D.  Pesme,  W.  Rozmus,  W.L.  Kruer, 

•P.E.  Young,  Phys.  Fluids,  B3,  2341,  1991. 

16.  R.P.  Drake,  Comments  Plasma  Phys.  Controlled  Fusion,  12,  181,  1989. 

17.  S.J.  Kartunnen,  Phys.  Rev.,  A23,  2006,  1981. 

18.  R.P.  Drake  and  S.H.  Batha,  Phys.  Fluids,  B3,  293,  1991. 


Complexity  in  laser  plasma  instabilities 


163 


19.  R.E.  Kirkwood,  B.J.  MacGowan,  D.S.  Montgomery,  B.B,  Afeyan,  WX.  Kruer, 

J.D,  Moddy,  K.G.Estabrook,  C.A.  Back,  S.H.  Glenzer,  M.A.  Blain,  E.A.  Williams,  RX. 
Berger,  B.F.  Lasinski,  Phys.  Rev.  Lett.,  77,  2706,  1996. 

20.  J.A.  Paisner,  J.D.  Boyes,  S.A.  Kumpan,  W.H.  Lowdermilk  and  M.S.  Sorem,  Laser  Focus 
World,  30,  75,  1994. 

21.  D.S.  Montgomery,  B.B.  Afeyan,  J.A.  Cobble,  J.C.  Fernandez,  M.D.  Wilke, 

S.H.  Glenzer,  R.K.  Kirkwood,  B.J.  MacGowan,  J.D.  Moody,  E.L.  Lindman,  D.H.  Munro, 
B.H.  Wilde,  H.A.  Rose,  D.F.  Dubois,  B.  Bezzerides,  H.X.  Vu,  Phys.  Plasmas,  5,  1973,  1998, 

22.  J.  Lindl,  Phys.  Plasmas,  2,  3933,  1995. 

23.  T.R.  Dittrich,  S.W.  Haan,  M.M.  Marinak,  S.M.  Pollaine,  D.E.  Hinkel,  D.H.  Munro,  C.P. 
Verdon,  G.L.Strobel,  R,  McEachern,  R.C.  Cook,  C.C.  Roberts,  D.C.  Wilson, 

P.A.  Bradley,  L.R.  Foreman  and  W.S.  Varnum,  Phys.  Plasmas,  6,  2164,  1999. 

24.  M.D.  Rosen,  Phys.  Plasmas,  6,  1690,  1999. 

25.  S.P.  Regan,  D.K.  Bradley,  A.V.  Chirokikh,  R.S.  Craxton,  D.D.  Meyerhofer,  W.  Seka, 
R.W.  Short,  A.  Simon,  R.P.J.  Town,  B.  Yaakobi,  J.J.  Carroll  III  and  R.P.  Drake,  Phys. 
Plasmas,  6,  2072,  1999. 

26.  C.  Labaune,  H.A.  Baldis,  B.  Cohen,  W.  Rozmus,  S.  Depierreux,  E.  Schifano,  B.S.  Bauer 
and  A.  Michard,  Phys.  Plasmas,  6,  2048,  1999. 

27.  D.J.  Kaup,  a.  Rieman  and  A.  Bers,  Rev.  Mod.  Phys.,  51,  275,  1979. 

28.  H.  Takamaru,  T.  Sato,  R.  Horiuchi,  K.  Watanabe  and  Complexity  Simulation  Group, 

J.  Phys.  Soc.  Jap.,  66,  3826,  1997. 

29.  C.J.  JoSHi,  P.B.  CORKUM,  Phys.  Today,  48,  36,  1995. 

30.  C.A.  Coverdale,  C.B.  Darrow,  C.D.  Decker,  N.M.  Naumova,  T.Zh  Esirkepov, 

A.S.  Sakharov,  S.V.  Bulanov,  W.B.  Mori,  K.C.  Tzeng,  Plasma  Phys,  Reports,  22,  685, 1996. 


Journal  of  Technical  Physics,  J.  Tech.  Phys.,  41,  1,  Special  Issue,  165-181,  2000 
Polish  Academy  of  Sciences,  Institute  of  Fundamental  Technological  Research,  Warszawa 
Military  University  of  Technology,  Warszawa 


ELECTRON  BEAM-PLASMA  INTERACTION  IN  LABORATORY  AND  SPACE 
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Electron  beam-plasma  interaction  in  inhomogeneous  plasmas  is  considered.  Generation  of 
spatially  localised  Langmuir  waves  by  fast  electron  clouds  in  the  solar  wind,  which  give  rise  to 
type  III  Solar  Radio  Bursts,  is  one  example  of  the  complex  wave  growth  generated  by  inhomo¬ 
geneous  beams,  involving  processes  as  reabsorption  and  localisation  of  the  wave  energy  density. 
Acceleration  of  electrons  and  generation  of  localised  Langmuir  waves  in  the  auroral  zone  are 
also  discussed.  Such  waves  have  been  observed  in  the  upper  ionosphere,  but  they  have  also 
been  invoked  to  explain  the  sharply  localised  density  spikes  observed  at  low  altitudes.  Then 
recent  laboratory  experiments  on  localisation  of  wave  energy  density  due  to  density  gradients 
in  beam-plasma  discharges  are  discussed.  High  frequency  (hf)  probes  for  electric  field  measure¬ 
ments  are  described.  Concentration  of  wave  energy  density  in  sharply  localised  hf  spikes  with 
high  amplitudes  has  been  observed,  and  density  spikes  may  also  form  at  the  positions  of  the  hf 
spikes  due  to  enhanced  ionisation.  In  some  cases  the  hf  spikes  have  been  identified  as  standing 
waves,  surrounded  by  regions  with  propagating  waves. 


1.  Introduction 

The  interaction  between  electron  beams  and  plasmas  is  one  of  the  earliest  investi¬ 
gated  collective  phenomenon  in  plasma  physics.  The  first  experimental  observa¬ 
tions  were  made  by  Langmuir.  The  beam  represents  a  source  of  free  energy,  and 
its  energy  can  be  trapped  by  the  waves  so  the  wave  amplitudes  increase,  simul¬ 
taneously  as  the  beam  velocity  distribution  is  modified  by  the  waves  and  finally 
may  become  stable.  The  excitation  of  high  frequency  (hf)  waves  {to  «  uipe)  and 
their  growth,  dispersion  and  saturation  have  been  studied  intensely  for  plasmas 
that  are  homogeneous  in  the  beam  direction,  and  different  types  of  velocity  distri¬ 
butions  have  been  considered.  The  evolution  of  the  growing  waves  and  the  beam 
velocity  distribution  are  treated  by  the  quasilinear  equations  which  can  handle 
the  entire  spectrum  of  growing  modes.  Strong  simplification  occurs  if  the  fastest 
growing  mode  dominates  or  if  the  boundary  conditions  single  out  a  dominating 
mode.  Then  single  wave  models  can  be  used.  Much  of  the  theoretical  work  has 
been  confirmed  by  well  controlled  experiments  in  beam-plasma  discharges  and 
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in  double  and  triple  plasma  devices.  For  sufficiently  weak  bump-on-tail  distri¬ 
butions  the  dispersion  relation  is  not  much  influenced  by  the  beam,  and  in  a 
weakly  magnetized  plasma  it  is  essentially  the  same  as  for  Langmuir  waves.  In 
such  a  case  the  beam  merely  acts  as  a  ”pump  wave”  for  wave-electron  inter¬ 
action,  wave-wave  interaction,  and  strong  Langmuir  turbulence.  In  this  paper 
electron  beam-plasma  interaction  will  be  considered  when  the  beam  is  strongly 
inhomogeneous  and  varying  in  time  or  when  the  background  plasma  is  strongly 
inhomogeneous.  Only  weakly  magnetized  {uce  <  u)wp)  and  non-relativistic  plas¬ 
mas  will  be  discussed.  Inhomogeneities  in  the  beam  or  the  background  plasma 
give  rise  to  new  phenomena  that  differ  from  the  classical  treatment  of  beam- 
plasma  interaction.  This  situation  often  prevails  in  space  plasmas,  and  effects 
of  inhomogeneities  have  also  be  studied  in  laboratory  plasmas.  In  Section  2  the 
excitation  of  localised  Langmuir  waves  by  a  weak  bump-on-tail  instability  in  the 
solar  wind  plasma  will  be  described.  These  waves  give  rise  to  Type  III  Solar 
Radio  Bursts.  Quasilinear  theory,  wave-wave  interaction,  and  strong  turbulence 
have  been  applied  to  interpret  the  observed  data.  Localised  Langmuir  waves 
are  also  excited  in  the  ionosphere  due  to  the  energetic,  precipitating  electrons  in 
the  auroral  zone,  discussed  in  Section  3.  The  waves  have  been  observed  at  alti¬ 
tudes  between  500  and  1000  km,  but  electron  beam-plasma  interaction  has  also 
been  proposed  to  occur  at  low  altitudes  (110-150  km)  to  explain  observations  of 
sharply  localised  regions  with  enhanced  density.  In  Section  4  some  properties  of 
beam-plasma  discharges  are  discussed  and  probes  are  described  which  are  suit¬ 
able  for  measurements  of  the  intensity  of  the  hf-field  in  laboratory  discharges. 
In  Section  5  experimental  investigations  of  electron  beam-plasma  interaction  are 
described  when  there  are  strong  density  gradients  in  the  direction  of  the  beam. 
This  is  the  case,  for  instance,  in  front  of  the  cathode  or  the  electron  gun  which 
inject  the  beam.  In  such  gradients  the  electric  hf  field  may  concentrate  in  nar¬ 
row  ”hf  spikes”  with  very  high  amplitudes.  Particle  simulations  confirming  the 
experimental  results  are  also  presented.  They  show  that  the  hf  spikes  can  form 
without  trapping  of  waves  in  density  cavities.  Conclusions  are  presented  in  Sec¬ 
tion  6. 


2.  Generation  of  Langmuir  waves  in  the  solar  wind  by  fast  electron  clouds 

Type  III  solar  radio  bursts  are  electromagnetic  waves  which  are  generated  in  the 
solar  wind  all  the  way  between  the  Sun  and  the  Earth’s  orbit.  The  radiation  is 
caused  by  fast  electron  clouds  which  are  emitted  from  the  sun  in  connection  with 
solar  flares.  The  electron  clouds  have  much  higher  velocities  than  the  solar  wind 
plasma,  and  they  excite  Langmuir  waves  via  a  weak  bump-on-tail  instability 
as  shown  by  in  situ  measurements  [1].  The  bump  in  the  velocity  distribution, 
and  also  the  magnetic  field,  are  so  weak  .that  the  dispersion  relation  may  be 
approximated  by  the  dispersion  relation  for  Langmuir  waves.  The  wave  frequency 
is  close  to  the  local  plasma  frequency.  The  generally  accepted  model  for  the 
electromagnetic  wave  generation  is  scattering  of  Langmuir  waves  into  transverse 
waves  by  thermal  ions,  leading  to  fundamental  radio  emission  at  the  plasma 
frequency  and  harmonic  emission  [2].  In  observations  by  the  Ulysses  spacecraft 
it  was  possible  to  trace  the  emission  from  an  individual  electron  cloud  up  to  the 
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Earth’s  orbit  (Reiner  et  al.  1995  [3]).  Since  the  cloud  follows  the  magnetic  field 
lines,  an  instantaneous  view  of  the  interplanetary  extension  of  the  solar  magnetic 
field  was  obtained.  Recent  in  situ  measurements  (Ergun  et  al.  1998  [1])  have 
confirmed  earlier  data,  but  indications  were  obtained  that  oblique  waves  also 
may  be  important. 

There  is  a  basic  difficulty,  usually  called  ’’Sturrock’s  dilemma”,  with  the  ex¬ 
citation  of  the  Langmuir  waves  by  the  beam.  Sturrock  1964  [3]  argued  that 
linear  theory  predicts  so  strong  wave  growth  that  the  beam  can  travel  only  a 
few  thousand  kilometres  before  its  velocity  is  dispersed  by  the  waves  and  its 
free  energy  is  lost.  However,  since  type  III  solar  radio  bursts  can  be  observed 
up  to  the  Earth’s  orbit,  the  beam  must  survive  over  long  distances  and  still  be 
able  to  excite  waves.  Consider  a  cloud  in  the  x-v  plane  {x  distance,  v  velocity) 
which  initially  has  a  certain  spatial  extension  in  an  interval  around  a;  =  0  and  a 
monotonically  decreasing  velocity  distribution  there.  When  the  velocity  distri¬ 
bution  of  the  cloud  is  observed  at  a  fixed  position  at  some  distance  x,  which  is 
large  compared  with  the  initial  extension,  only  some  of  the  faster  electrons  have 
arrived,  and  slower  electrons  are  absent.  The  fast  electrons  may  accordingly 
form  an  energetic  bump  on  the  tail  of  the  electron  velocity  distribution,  and  the 
velocity  distribution  will  get  a  positive  slope  in  some  velocity  interval.  Waves 
will  be  excited  with  phase  velocities  in  that  interval.  The  wave  energy  generated 
should  move  with  the  slow  group  velocity  and  therefore  stay  at  approximately 
the  position,  where  it  is  excited,  while  the  electrons  pass.  Some  time  later  the 
faster  electrons  have  left  the  position  considered  and  slower  electrons  arrive  so 
the  bump  is  continuously  shifted  to  lower  velocities.  Therefore  the  waves,  that 
were  excited,  may  now  have  phase  velocities  in  an  interval  where  the  slope  of 
the  distribution  function  is  negative  and  may  accordingly  be  reabsorbed  by  the 
electron  stream.  In  this  way  the  wave  energy  is  carried  back  to  the  particles, 
and  little  energy  may  be  trapped  from  the  electron  stream. 

This  qualitative  picture  has  been  investigated  by  several  authors  [3].  Ryutov 
and  Sagdeev  1970  [3]  found  an  approximate,  self-similar  solution  of  the  quasi- 
linear  equations.  This  type  of  solution  has  recently  been  further  elaborated  by 
Mel’nik  and  Kontar  1998  [3].  Quasi- linear  theory  predicts  a  growth  of  wave 
amplitudes  until  the  bump  on  the  tail  tends  to  be  smeared  out  and  a  plateau  is 
formed  in  the  distribution.  Ryutov  and  Sagdeev  assumed  that  the  quasilinear 
relaxation  is  so  fast  that  the  distribution  function  of  the  beam  can  be  described 
by  a  plateau  distribution  during  the  passage  of  the  stream.  When  observed  at 
a  given  position,  the  wave  energy  is  seen  to  increase  and  then  decrease  to  a 
low  value  when  the  electron  cloud  has  passed.  This  model  has  been  partially 
confirmed  by  numerical  solutions  of  the  quasilinear  equations.  Takakura  and 
Shibabashi  1976  [3]  used  the  one  dimensional  quasilinear  equations,  including 
spontaneous  emission.  A  plateau  is  rapidly  formed,  and  re-absorbtion  of  wave 
energy  is  observed,  Magelssen  and  Smith,  1977  [3]  used  the  same  equations 
with  realistic  solar  wind  parameters.  They  traced  the  cloud  to  distances  beyond 
the  Earth’s  orbit  and  found  approximate  self-similar  behaviour,  that  is,  when 
the  passage  of  the  cloud  is  observed  at  any  fixed  position  a  similar  behaviour 
is  observed.  The  velocity  distribution  in  the  front  of  the  cloud  is  unstable  and 
waves  are  excited.  Then  a  plateau  is  observed  and  waves  are  reabsorbed. 
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Wave-wave  interaction  has  also  been  combined  with  the  quasilinear  equa¬ 
tions  [4].  Langmuir  waves  in  resonance  with  the  beam  may  be  scattered  by  ion 
waves  and  obtain  longer  wave  lengths  and  higher  phase  velocities.  If  this  process 
sufficiently  rapidly  removes  the  wave  energy  in  resonance  with  the  beam,  the 
resonant  wave  level  may  be  so  low  that  the  beam  is  not  much  modified.  This 
may  also  be  be  considered  as  a  stabilization  mechanism  for  the  beam  and  was 
proposed  by  Kaplan  and  Tsytovitch  1967  [4]  as  the  clue  to  Sturrock’s  dilemma. 
Using  the  one-dimensional  kinetic  equations,  including  wave-wave  interaction, 
the  time  evolution  of  the  velocity  distribution  and  the  wave  energy  density  was 
evaluated  by  Grognard  1982  [4].  The  measured  velocity  distribution  from  the 
ISEE-3  spacecraft  (Lin  et  al.l981  [1])  was  used  in  the  boundary  data.  The  char¬ 
acteristic  feature  of  the  resulting  weak  Langmuir  turbulence,  that  is,  the  concen¬ 
tration  of  the  energy  density  in  a  ’’condensate”  built  up  around  wave  numbers 
«  0,  was  observed,  and  good  agreement  with  the  measured  distribution  was 
obtained.  Here  plateau  formation  is  partially  inhibited  by  the  wave  scattering. 


The  work  described  above  resolves  Sturrock’s  dilemma  but  does  not  explain 
the  spiky  and  intermittent  nature  of  the  waves  which  may  appear  as  sharply  lo¬ 
calised  structures.  Rapid  amplitude  variations  in  time  have  been  observed,  and 
measured  amplitudes  may  change  by  many  orders  of  magnitudes  over  a  few  sec¬ 
onds.  Langmuir  wave  collapse  in  density  cavities  has  been  introduced  to  explain 
this  [5].  In  this  unstable  process  the  density  cavity  traps  waves  and  contracts, 
and  the  wave  energy  is  finally  released  as  particle  energy  (wave  collapse).  The 
state  obtained,  when  many  such  cavities  form,  interact,  and  collapse,  has  been 
called  strong  Langmuir  turbulence.  This  may  be  excited  by  modulation  insta¬ 
bility.  However,  in  simulations  this  route  to  strong  Langmuir  turbulence  is  often 
superseded  by  ’’nucleation  instability”,  that  is,  a  collapsed  and  relaxing  cavity 
forms  the  seed  for  new  wave  trapping  (Doolen  et  al.  1985  [5]).  Experimental 
evidence  of  wave  trapping  in  density  cavities  and  wave  collapse  has  also  been 
obtained  in  a  number  of  weak  beam  experiments  (e.g.  Cheung  and  Wong  1985 
[5]  and  McFarland  and  Wong  1997  [5]).  A  review  on  nonlinear  wave  collapse  and 
strong  turbulence  has  been  given  by  Robinson  1997  [5]. 


It  has  not  been  possible  to  show  convincingly  that  strong  turbulence  is  of 
importance  to  explain  the  clumpy  Langmuir  waves.  Also  waves  with  intensities 
well  below  estimated  thresholds  for  wave  collapse  are  spiky,  indicating  a  linear 
process.  A  model  has  been  proposed  (Robinson  1992  [6])  where  a  marginally 
stable  state  is  assumed  to  exist  with  a  small  net  dissipation,  consistent  with  the 
propagation  of  the  the  beam  up  to  1  AU.  Then  low  frequency  density  fluctuations, 
which  are  observed  in  the  ambient  solar  wind  plasma,  are  introduced.  They 
may  randomly  modulate  the  spatial  growth  rate  about  the  marginally  stable 
state  leading  to  spatially  inhomogeneous  growth  and  damping.  Besides,  the  low 
density  fluctuations  may  have  a  level  that  is  sufficient  to  scatter  Langmuir  waves 
out  of  resonance  with  the  beam  at  a  fast  rate.  This  model  has  been  elaborated  by 
several  authors  [6],  and  it  is  able  to  account  for  several  of  the  observed  features 
of  the  Langmuir  waves  in  the  solar  wind  plasma. 
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3.  Generation  of  electron  beams  in  the  ionosphere 


In  the  ionosphere  and  the  magnetosphere  energetic  electrons  move  along  the 
magnetic  field  lines  and  give  rise  to  auroral  arcs  when  they  meet  the  Earth’s 
atmosphere.  They  also  interact  with  the  background  electrons  and  excite  Lang¬ 
muir  waves  as  shown  by  rocket  measurements  at  altitudes  between  500  and  1000 
km.  It  is  generally  believed  that  the  electron  acceleration  takes  place  in  poten¬ 
tial  drops  along  the  magnetic  field  lines.  Fig.  1  shows  proposed  equi  potential 
contours  which  are  consistent  with  recent  observations.  The  direction  of  the 
magnetic  field  is  downwards  in  the  plane  of  the  paper,  the  transverse  distance  is 
in  the  north-south  direction,  and  the  east-west  direction  is  out  from  the  paper. 
The  two  U-shaped  equipotential  contours  shown  (Mozer  et  al.  1980  [7])  have 
the  lowest  potential  in  the  middle  and  have  an  electric  field,  parallel  with  the 
magnetic  field  which  accelerates  electrons  downwards  and  give  rise  to  auroral 
arcs.  The  typical  extension  of  a  U-shaped  structure  in  north-south  direction  is 
only  of  the  order  of  10  km  whereas  the  extension  in  the  east- west  direction  is 
large.  Between  the  bright  auroras  there  is  a  dark  region  (black  aurora)  where 
electrons  are  accelerated  upwards  . 


Shear  Shear  Shear 

Plasma  drift  0  ©  0  © 


filament 

FIG.  1.  Proposed  U-shaped  equipotential  contours  above  the  auroral  zone  of  the  Earth, 
consistent  with  recent  measurements  by  spacecrafts.  The  U-shaped  structures  accelerate 
electrons  downwards  and  give  rise  to  auroral  arcs.  Between  the  bright  arcs  there  is  a  dark 
region  (black  aurora)  where  electrons  are  accelerated  upwards.  The  direction  of  the  magnetic 
field  is  downward  in  the  plane  of  the  paper,  the  transverse  direction  is  north-south,  and  the 
east-west  direction  is  out  from  the  paper.  The  typical  extension  of  the  U-shaped  potential  in 
the  north-south  direction  is  10  km  (from  Marklund  and  Karlsson  1997  [7]  ). 
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The  equipotential  contours  are  parallel  with  the  magnetic  field  lines  at  suffi¬ 
ciently  high  altitudes.  Strong  evidence  of  the  corresponding  electric  field  along 
the  magnetic  field  has  been  obtained  from  recent  measurements  by  the  spacecraft 
FAST  (Ergun  et  al.  1998  [7]).  The  measurements  show  a  very  strong  correlation 
between  the  transverse  potential  drop  at  high  altitudes  and  the  energy  of  up- 
going  positive  ions.  Measurements  by  Preja  (Marklund  and  Karlsson  1997  [7]), 
above  the  black  aurora,  show  that  electrons  are  accelerated  upwards  there,  and 
the  transverse  potential  drops  measured  are  closely  correlated  with  the  energy 
of  the  upgoing  electrons.  Again  U-shaped  potential  structures,  but  now  with 
reversed  electric  fields,  may  be  used  as  a  model. 

Langmuir  waves  excited  by  the  precipitating  electrons  have  been  observed 
by  rockets,  between  500  and  1000  km  [7].  They  propagate  nearly  parallel  to  the 
geomagnetic  field,  and  the  waves  have  been  correlated  to  electron  fluxes  with  en¬ 
ergies  of  the  order  of  keV.  Strong  modulations  of  the  fluxes  have  been  observed  so 
the  velocities  are  dispersed  when  the  beam  propagates  towards  lower  altitudes  - 
similar  to  the  scenario  discussed  for  excitation  of  waves  in  the  solar  wind  plasma. 
The  waves  appear  in  bursts,  and  duration  of  0.1  s  and  peak  amplitudes  up  to  500 
mV/m  have  been  measured.  Evidence  of  positive  slopes  in  the  velocity  distribu¬ 
tion,  parallel  to  the  geomagnetic  field,  has  also  been  obtained.  To  explain  the 
spiky  nature  of  the  waves,  numerical  simulations  of  strong  Langmuir  turbulence 
have  been  made.  However,  the  formation  of  coherent,  collapsing  wave  packets 
was  not  observed  for  the  ionospheric  parameters  (Newman  et  1994  [8]),  and  an¬ 
other  mechanism  for  localising  wave  energy  has  been  proposed  (Muschietti  et  al. 
1995  [8]  ).  This  is  based  on  the  kinetic  interaction  between  streaming  electrons 
and  a  localised  Langmuir  wave  packet.  This  may  tap  energy  from  an  electron 
beam  and  in  this  way  further  localise  the  wave  energy  (Praiman  and  Kostyukov 
1993  [8]). 

It  has  also  been  suggested  that  beam-plasma  interaction  at  much  lower  al¬ 
titudes  may  explain  the  narrow  density  spikes  observed  there.  In  the  night-side 
auroral  zone  the  plasma  density  has  a  maximum  at  about  100  km  (the  E-layer) 
caused  by  ionisation  due  to  precipitating  electrons.  Measurements  in  radar  scat¬ 
tering  experiments  have  shown  a  fine  structure  in  the  form  of  narrow  density 
spikes,  with  extents  of  less  than  5  km,  which  are  observed  in  the  height  range 
110  -  150  km  on  the  top  side  of  the  E-layer  (Wahlund  and  Opgenoorth  1989 
[9]).  It  is  not  possible  to  explain  such  structures  without  introducing  localised 
electric  fields,  and  these  authors  suggested  that  waves,  produced  by  electron 
beam-plasma  instability,  may  reach  such  a  high  amplitude,  that  the  electron  en¬ 
ergy  in  the  oscillatory  motion  exceeds  the  ionisation  energy  of  the  neutral  gas. 
More  recently  Schlesier  et  al.  1997  [9]  used  the  same  technique  to  study  the  au¬ 
roral  density  spikes,  and  strong  Langmuir  turbulence  was  proposed  to  generate 
them  (Mishin  and  Telegin  1989  [9]).  Similar  density  spikes  have  been  observed  in 
recent  experiments  in  beam-plasma  discharges,  described  in  Section  5,  but  any 
possible  connection  has  not  yet  been  explored.  Any  measurement  of  hf  fields  at 
these  altitudes  does  not  seem  to  have  been  performed  so  localised  dc  fields  may 
also  generate  the  density  spikes.  Striations  in  gas  discharge  plasmas  is  a  similar 
phenomenon  in  this  case. 

Altitude  distributions  of  luminosities  for  homogeneous  auroral  arcs  agree 
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fairly  well  with  the  luminosities  that  are  calculated  by  assuming  only  collisional 
interaction  between  precipitating  electrons  and  the  neutral  gas  (Rees  1989  [9]). 
However,  narrow  layers  having  strongly  enhanced  luminosities  and  altitude  ex¬ 
tensions  of  only  a  few  kilometres  also  exist  at  the  same  altitudes  as  the  density 
spikes  (Oguti  1975  [9],  Stenbaek-Nielsen  and  Hallinan  1979  [9],  Mishin  et  al. 
1981  [9]).  They  have  been  called  enhanced  aurora  (Hallinan  et  al.  1985  [9]). 
The  characteristics  of  the  density  spikes  agree  with  the  characteristics  of  the 
luminous  layers  in  several  respects,  and  it  has  been  proposed  that  the  two  types 
of  layers  are  identical. 


4.  Electron  beam-plasma  discharges  and  high  frequency  probes 

Many  experimental  investigations  of  nonrelativistic  beam-plasma  interaction 
have  been  done  in  beam-plasma  discharges  where  an  energetic  electron  beam  is 
shot  into  neutral  gas.  For  sufficiently  low  neutral  gas  density,  the  beam-plasma 
discharge  is  not  ignited  because  only  primary  electrons  ionise  the  gas,  and  the 
population  of  secondary  electrons  is  negligible.  The  beam  electrons  are  neu¬ 
tralised  by  the  positive  ions.  This  type  of  discharge  is  usually  called  ’’quasineu¬ 
tral  electron  beam”.  When  the  neutral  density  is  increased  so  the  background 
pressure  becomes  typically  10~^  mm  Hg,  the  beam-plasma  discharge  is  suddenly 
ignited  at  a  certain  threshold  pressure. The  electron  number  density  may  increase 
by  several  orders  of  magnitudes,  and  it  becomes  much  higher  than  the  beam  den¬ 
sity  (Nezlin  1993  [10]).  The  important  feature  at  the  transition  is  that  the  dc 
plasma  potential  now  is  such  that  a  significant  fraction  of  the  beam  electrons 
can  be  trapped  in  the  discharge  volume,  after  the  velocity  dispersion  by  beam- 
plasma  interaction.  The  beam  energy  can  then  be  used  efficiently  for  excitation 
and  ionisation  of  the  background  gas.  Assuming  a  given  energetic  tail  in  the 
electron  velocity  distribution,  the  plasma  in  a  beam-plasma  discharge  is  main¬ 
tained  in  the  same  way  as  the  positive  column  of  a  low  pressure  arc,  operating 
in  the  ”ion  free  fall  regime”  (Tonks  and  Langmuir  1929  [10]).  The  well-known 
pressure  threshold  for  this  type  of  plasma  (e.  g.  Poletaev  1951  [10])  is  similar 
as  the  threshold  observed  for  beam-plasma  discharges.  The  conditions  discussed 
above  also  holds  when  a  weak  axial  magnetic  field,  which  does  not  perturb  the 
ion  motion  significantly,  is  present.  There  is  also  a  critical  limit  for  the  power  of 
the  beam  which  must  be  sufficient  to  maintain  the  discharge. 

As  proposed  by  many  authors,  also  the  high  frequency  field  may  be  of  im¬ 
portance  for  the  heating  of  the  electron  gas,  that  is,  some  of  the  wave  energy, 
originating  from  the  beam,  is  transferred  back  to  the  electrons  (e.  g.  Getty  and 
Smullin  1963).  This  statement  is  of  course  trivial  if  the  electric  hf  field  is  so 
strong  that  the  energy  in  the  oscillatory  electron  motion  exceeds  the  ionisation 
energy  during  a  significant  fraction  of  the  period,  as  discussed  in  the  Sections  3 
and  5  in  connection  with  localised  hf  spikes. 

A  device  for  beam-plasma  discharges,  used  in  recent  experiments  at  the 
Alfven  Laboratory,  is  shown  in  Fig.  2.  There  is  a  plane  Lanthanum  Hexa- 
boride  cathode  in  the  right  part  of  the  tank.  The  end  plate  to  the  left  is  at 
fioating  potential,  and  all  the  current  flows  across  the  weak  magnetic  field  until 
the  electrons  hit  the  anode  ring  which  is  concentric  with  the  cathode.  In  this 
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Fig.  2.  Electron  beam-plasma  discharge  used  at  the  Alfven  Laboratory.  Electrons  are 
emitted  from  a  plane,  hot  Lanthanum  Hexaboride  cathode,  placed  opposite  to  a  plate  kept  at 
floating  potential.  The  electric  current  flows  across  the  weak  magnetic  field  to  the  anode  ring 
which  is  concentric  with  the  cathode.  In  this  way  a  beam-plasma  discharge  can  be  maintained 
at  lower  neutral  gas  densities  than  in  a  straight  discharge  (from  Gunell  et  al.  1996b  [11]  ). 


configuration  a  beam- plasma  discharge  can  be  maintained  at  lower  background 
pressure  than  in  a  straight  discharge.  Typical  parameters  are  ng  2  •  10^^  m”^, 
Te^6  —  S  eV.  The  background  pressure  for  argon  is  typically  10“^  mm  Hg. 

Probes  represent  a  simple  diagnostic  tool  in  beam-plasma  discharges,  and 
good  estimates  of  the  absolute  electric  field  level  can  be  obtained  for  frequencies 
up  to  1  GHz  (Torven  et  al.  1995  [11]).  A  single  probe  with  a  coaxial  outer 
conductor  is  not  suitable  for  such  measurements  since  the  potential  of  the  outer 
conductor  is  badly  defined,  and  double  probes  must  be  used.  In  the  simplest 
construction  the  probe  tips  are  just  the  continuation  of  the  inner  conductors 
of  two  miniature  coaxial  cables.  The  outer  conductors  are  carefully  joined  at 
the  probe  tips  to  have  a  common  potential  there.  This  unknown  potential  is 
eliminated  by  taking  the  difference  signal.  Since  it  is  not  possible  to  maintain  a 
high  and  frequency  independent  impedance  in  the  circuit,  matched  (i?  =  50  fi) 
cables  are  preferable.  The  probe  tips  can  then  be  considered  as  short  circuited. 
The  generator  EMF  is  approximately  given  by  Bob  where  Eq  is  the  field  to  be 
measured  and  b  is  the  distance  between  the  probe  tips  which  is  of  the  order  of 
the  Debye  length.  This  holds  for  wave  lengths  much  longer  than  b  and  wire 
radii  much  less  than  b.  The  short  circuiting  condition  requires  that  surface 
charges  ±q  generate  an  EMF  equal  to  q/C  which  counteracts  the  EMF  due  to 
Eq.  Here  C  is  the  capacitance  between  the  probe  tips.  The  net  potential  drop 
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accordingly  vanishes  for  q/C  =  and  the  displacement  current  due  to  surface 
charges  becomes  iujCEob  for  a  harmonically  varying  Eq.  This  relation  between 
the  current  measured  and  Eq  holds  for  not  too  short  probe  tips  which  can  be 
checked  in  calibration  experiments  without  plasma. 

To  obtain  the  relative  magnitudes  of  the  displacement  current  and  the  plasma 
conduction  current  in  a  particular  plasma  experiment,  one  can  measure  how  the 
signal  level  varies  with  the  dc  bias  of  the  probe  when  a  constant  field  level  is 
measured  in  the  plasma.  In  tests  (Torven  et  al.  1995  [11]),  where  the  frequency 
of  the  wave  field  is  of  the  order  of  the  plasma  frequency  (400  MHz),  the  signal 
level  is  constant  for  dc  biases  above  the  plasma  potential.  Then  it  decreases  in 
an  interval  below  plasma  potential  by  typically  some  ten  percent  before  it  finally 
reaches  a  new  constant  level  at  potentials  well  below  plasma  potential.  The 
lower  level  may  be  identified  with  the  displacement  current.  However,  the  small 
difference  in  the  signals  shows  that  the  conduction  current  is  of  little  significance 
at  the  frequencies  considered  and  when  b  is  of  the  order  of  the  Debye  length. 

The  main  disturbance  of  the  plasma  comes  from  the  probe  shafts.  To  avoid 
the  presence  of  the  shafts  within  the  beam-plasma  discharge,  the  probe  tips  can 
be  connected  with  the  coaxial  cables  by  two  thin  wires  which  are  wound  in  a 
spiral  structure  (Gunell  et  al.,  1996a  [11]).  This  structure  does  not  pick  up  any 
hf  current  which  is  checked  in  calibration  experiments.  The  qualitative  picture 
is  that  the  effect  of  the  electric  charge,  that  accumulates  in  one  half-turn  of  the 
spiral  as  a  response  to  hf  field,  is  cancelled  by  the  charge  on  the  neighbouring 
half-turn.  In  this  way  several  probes  can  be  kept  as  close  as  5  -  10  mm  from  each 
other  in  simultaneous  measurements  without  introducing  a  severe  perturbation 
of  the  plasma. 


5.  Experimental  investigations  of  electron  beam-plasma  interaction  in  strong  density 

gradients 


A  zero-order  density  gradient,  which  is  maintained  by  processes  approximately 
independent  of  the  beam-plasma  interaction,  may  lead  to  a  sharp  spatial  concen¬ 
tration  of  the  hf  field  in  spikes  which  disperse  the  beam  velocities  in  the  gradient 
region.  In  laboratory  plasmas  this  means  that  all  the  interaction  may  occur 
already  in  the  gradient  in  front  of  the  hot  cathode  or  the  electron  gun  which 
injects  the  beam.  This  effect  has  recently  been  studied  experimentally  in  weakly 
magnetized  plasmas  [11],  but  it  has  also  been  observed  in  a  strongly  magnetised 
plasma  (Bollinger  et  al.  1974  [11]).  Observations  of  strong  scattering  of  the  beam 
in  a  thin  layer  (the  ”  meniscus” )  in  the  presheath  of  a  cathode  were  published  a 
long  time  ago  [12].  Strong  scattering  of  beam  electrons  by  a  localised  structure 
was  also  observed  by  Nezlin  1964  [12].  In  this  Section  recent  experiments  will 
be  reviewed  and  compared  with  particle  simulations  in  the  case  when  the  beam 
moves  towards  increasing  density.  In  a  recent  experiment  (McFarland  and  Wong 
1998  [11])  it  was  shown  that  localisation  of  wave  energy  occurs  also  for  decreasing 
density  in  the  beam  direction. 
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5.1.  Beam-plasma  interaction  at  an  electric  double  layer 

An  electric  double  layer  is  characterised  by  a  density  minimum  at  the  double 
layer  position,  and  the  electron  beam  formed  will  move  in  a  region  with  increasing 
density.  Investigations  of  such  a  beam-plasma  system  (Gunell  et  al.  1996a  [11]) 
are  reviewed  here.  A  modified  version  of  the  device  shown  in  Fig.  2  was  used 
to  generate  the  double  layer.  A  background  plasma  was  generated  by  discharges 
from  filaments  at  the  wall.  The  double  layer  was  formed  by  applying  a  voltage  to 
an  anode  plate,  and  a  beam-plasma  discharge  was  obtained  between  the  double 
layer  and  the  anode  plate.  By  varying  the  discharge  current,  the  double  layer  can 
be  moved  to  different  axial  positions.  A  weak  magnetic  mirror  field  (typically 
15  Gauss  at  the  double  layer)  was  used  to  stabilise  the  position  of  the  double 
layer.  Typical  parameters  were  cop  «  2.1  GHz,  vt/vt  «  3,5,  rib/n  «  0.03,  and 
Avb  ^  O.luft.  Here  is  the  beam  velocity,  vt  the  thermal  velocity,  rib  the  beam 
density,  and  Avb  the  full  half-width  of  the  estimated  beam  distribution. 

Fig.  3  shows  time  averaged  profiles  of  the  hf  field,  the  plasma  density,  and 
the  plasma  potential,  including  the  double  layer  potential  profile. 


Fig.  3.  Profiles  of  the  plasma  potential  with  the  double  layer  drop  (full  thick  line),  the 
plasma  density  (full  thin  line),  and  the  time  averaged  hf  field  level  (broken-dotted  line)  (from 

Gunell  et  al,  1996  [11]  ). 

The  potential  drop  over  the  double  layer  was  close  to  30  V.  The  high  fre¬ 
quency  field  is  concentrated  to  the  region  where  the  density  has  a  gradient.  As 
will  be  shown  below  by  time  resolved  measurements,  there  is  a  narrow  hf  spike 
moving  irregularly  back  and  forth  which  gives  rise  to  the  time  averaged  hf  signal. 
Fig.  4  (a)  shows  the  time  resolved  field.  It  has  a  dominating  harmonic  at  about 
350  MHz,  which  is  close  to  the  plasma  frequency,  and  a  maximum  level  of  about 
4  kV/m.  The  field  appears  as  short  wave  packets  which  give  rise  to  the  fast 
amplitude  modulations  shown  in  Fig.  4  (b).  There  are  also  strong  modulations 
on  the  ion  acoustic  time  scale,  as  shown  in  Fig.  4  (c),  and  these  have  a  simple 
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FIG.  4.  Examples  of  hf  field  oscillations,  (a).  The  field  oscillates  close  to  the  plasma 
frequency  and  appears  as  wave  packets  which  give  rise  to  the  fast  amplitude  modulations 
shown  in  diagram  (b).  Characteristic  amplitude  modulations  on  the  ion  time  scale  are  shown 
in  the  lower  diagram  (from  Gunell  et  al.  1996  [H])- 


explanation  as  is  shown  below. 

Probe  measurements  show  that  ion  acoustic  density  fluctuations  with  rms 
values  up  to  20  low  frequency  fluctuations  in  the  wave  frequency,  wave  length,  and 
growth  of  the  high  frequency  waves.  Time  resolved  measurements  are  therefore 
necessary  to  obtain  the  true  hf  field  profiles.  Simultaneous  measurements  were 
done  with  three  probes  which  were  aligned  in  the  beam  direction.  The  signal 
was  triggered  on  the  maximum  level  of  the  middle  probe,  and  the  two  other 
probes  were  moved  to  different  positions,  starting  from  a  minimum  separation  of 
less  than  1  cm  between  the  probes,  and  their  maximum  signals  were  measured 
within  dilO  ns  from  the  triggering  point  to  allow  for  propagation  of  the  waves. 
The  result  is  shown  in  Fig.  5  where  the  crosses  denote  the  time  resolved  hf  spike. 
This  is  much  more  narrow  than  the  time  averaged  spike,  which  is  also  shown  for 
comparison.  Its  full  width  at  half  maximum  is  only  about  1.8  cm  or  less  than 
two  wave  lengths  of  the  wave  mode  in  the  ambient  plasma.  Similar  results 
were  obtained  when  the  triggering  probe  was  moved  to  different  positions  within 
the  time  averaged  hf  region,  showing  that  the  spike  has  an  irregular  motion 
back  and  forth.  Additional  tests  confirmed  this.  The  apparent  motion  is  partly 
caused  by  the  fluctuations  in  the  double  layer  position,  but  it  was  concluded 
that  fluctuations  of  the  growth  and  damping  rates,  due  to  low  frequency  density 
fluctuations,  also  contribute.  The  apparent  ion  acoustic  modulations  of  the  hf- 
field  (Fig.  4  (c)),  measured  by  a  stationary  probe,  are  accordingly  simply  caused 
by  the  spike  passing  the  probe. 

Time  averaged  correlation  measurements  indicated  that  the  slow  beam  mode, 
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FIG.  5,  The  time  resolved  hf  spike  (crosses).  This  is  much  more  narrow  than  the  time 
averaged  spike  which  is  shown  for  comparison  (from  Gunell  et  al.  1996  [11]  ). 


as  evaluated  theoretically  for  an  infinitely  long  and  axially  homogeneous  plasma 
([14],  Lofgren  and  Gunell  1998  [13]),  dominated.  The  amplitude  variation  in  the 
hf  spike  may  formally  be  interpreted  in  terms  of  growth  and  damping,  and  expo¬ 
nential  fits  were  good  over  nearly  two  orders  of  magnitudes.  Approximate  agree¬ 
ment  with  the  spatial  growth  for  a  thin  beam  in  homogeneous  plasma  (O’Neil 
and  Malmberg  1968  [14])  was  obtained,  and  the  maximum  field  observed  agreed 
approximately  with  saturation  by  wave  trapping  (Kainer  et  al.  1972  [14]).  The 
damping  showed  agreement  with  linear  Landau  damping  by  the  ambient  plasma. 
However,  new  experiments  described  below  and  a  closer  examination  of  the  re¬ 
sults  (Lofgren  and  Gunell  1997  [14],  Lofgren  and  Gunell  1998  [13])  showed  that 
the  hf  spike  hardly  can  be  explained  by  growth  rates  evaluated  for  homogeneous 
plasmas  and  that  the  hf  spike  may  be  connected  with  plasma  diode  resonances 
and  wave  reflection. 


5.2.  Beam-plasma  interaction  in  the  gradient  in  front  of  a  plane  cathode 

Measurements  have  also  been  performed  in  the  density  gradient  in  front  of  a 
plane  Lanthanum  Hexaboride  cathode  to  increase  the  parameter  range  (Gunell 
et  al.  1996b  [11],  Gunell  and  Lofgren  1997  [11]).  Here  the  device  shown  in  Fig.  2 
was  used.  Beam  energies  of  35,  95,  and  210  eV,  determined  by  the  cathode  sheath 
voltage  drops,  were  applied.  The  cathode  had  no  control  grids,  and  a  density 
gradient  existed  in  the  sheath  and  the  pre-sheath  region.  The  existence  of  a 
hf  spike  in  this  region  was  confirmed  by  simultaneous  measurements  with  three 
probes  as  described  above.  Here  the  measurements  were  also  combined  with 
conditional  sampling  to  get  space-time  diagrams  of  the  electric  field  amplitude 
in  the  plasma.  Time  records  of  the  field  were  measured  by  the  three  probes.  The 
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following  two  conditions  were  applied  to  select  subsets  of  the  data  in  the  35  eV 
case  considered  here.  The  wave  amplitude  at  the  position  of  the  triggering  probe 
should  be  constant,  within  1%,  over  at  least  two  wave  periods,  and  the  amplitude 
should  be  between  1  and  1.5  kV/m.  The  maximum  amplitude  observed  was 
about  3  kV/m.  The  result  is  shown  in  the  grey  scale  plot  in  Fig.  6  (a)  with 
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FIG.  6.  The  upper  diagram  shows  a  measured  space-time  diagram  for  the  electric  field 
amplitude,  given  in  grey  scale  with  white  as  maximum.  The  hf  spike  appears  as  a  standing 
wave  at  «  45  mm,  and  it  is  surrounded  by  regions  where  propagating  waves  dominate.  The 
lower  diagram  shows  a  simulated  space-time  diagram  using  the  same  parameters  as  in  the 
experiment.  The  hf  spike  appears  between  35  and  40  mm  (from  Gunell  et  al.  1996  [11]  ). 

white  is  maximum  amplitude.  z=0  represents  the  cathode  surface.  At  ;^  =  45  mm 
a  structure  is  seen  which  was  interpreted  as  a  standing  wave.  This  is  surrounded 
by  regions  where  forward  propagating  waves  are  dominating. 

The  PIC  code  PDPl  was  used  to  compare  the  experimental  results  with 
simulations.  The  diode  was  initially  filled  with  plasma.  The  initial  ion  density 
varied  linearly  between  z  =  0  and  —  100  mm  which  was  similar  to  the  ion  den¬ 
sity  variation  in  the  experiment.  The  density  was  then  constant  up  to  =  300 
mm.  Electrons  with  a  temperature  of  0.15  eV  were  injected  and  self- consistently 
accelerated  up  to  an  energy  of  35  eV  in  the  cathode  sheath  and  the  pre-sheath 
that  formed.  The  beam  density  was  5%  of  the  electron  density  in  the  homo- 
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geneous  plasma  region.  Fig.  6  (b)  shows  a  space-time  plot  of  the  electric  field 
in  the  simulations,  recorded  between  3  and  3.01  fis.  Here  a  high  level  of  ion 
sound  fiuctuations  have  not  had  time  to  develop  so  conditional  sampling  was 
not  necessary.  The  similarity  between  experiments  and  simulation  is  obvious. 
As  in  the  experiments,  there  is  a  central  region  at  about  z  =  AO  mm  with  a 
standing  wave.  This  is  surrounded  by  regions  with  an  interference  pattern  where 
the  forward  travelling  wave  dominates.  Thus  a  similar  spike  is  obtained  as  in 
the  experiments. 

Fig.  7  shows  eleven  plots  of  the  instantaneous  electric  field  profiles,  covering 
a  half-period  of  the  oscillation  period  and  taken  between  simulation  times  of 
2.006  and  2.008  /is.  The  hf  spike  appears  as  a  standing  wave.  The  corresponding 


Fig.  7.  SimulatGd  electric  field  profiles  shown  during  a  half-period.  The  hf  spike  appears  as  a 
standing  wave  at  z  ~  50  mm,  and  it  is  surrounded  by  regions  where  waves  propagating 
forwards  are  dominating.  The  initial  plasma  density  varied  linearly  between  z  =  0  and 
2  =  100  mm  and  was  constant  between  100  and  300  mm  (from  Gunell  et  al.  1996  [11]  ). 

density  profile  showed  a  deep  density  cavity  at  the  position  of  the  hf  spike  after 
3  /is.  However,  the  hf  spike  forms  long  before  any  evidence  of  the  density  cavity, 
showing  that  cavity  formation  is  a  secondary  effect.  Phase  space  diagrams  from 
the  simulations  show  that  the  beam  velocity  is  entirely  dispersed  at  the  position 
of  the  hf  spike. 

More  recent  experiments  in  a  beam-plasma  discharge  by  Gunell  et  al.  1998 
[11]  showed  that  the  hf  field  in  the  spike  can  be  as  strong  as  about  40  kV/m. 
The  kinetic  energy  in  the  oscillatory  electron  motion  then  exceeded  the  ionisation 
potential  of  the  background  gas  during  a  significant  fraction  of  the  wave  period. 
A  density  spike  was  then  formed  at  the  position  of  the  hf  spike  due  to  enhanced 
ionisation  when  the  background  density  of  neutral  atoms  was  sufficiently  high. 
Enhanced  luminosity  in  a  thin  layer  was  also  observed.  Such  spikes  may  be 
connected  with  the  density  spikes  observed  on  the  top  side  of  the  E-layer  in  the 
auroral  zone  (see  Section  3). 

Plasma  diodes  with  strong  zero  order  gradients  in  density  and  potential  have 
been  used  to  obtain  theoretical  models  of  beam-plasma  interaction  in  inhomo¬ 
geneous  plasmas.  The  resonances  and  eigenfrequencies  of  a  plasma  diode  with 
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a  realistic  zero-order  gradient  were  studied  theoretically  by  Leavens  and  Love 
1970  [13],  using  the  linearised  Vlasov-Poisson  equations  for  the  time  dependent 
variables.  It  was  concluded  that  a  weak  beam  gives  only  a  slight  perturbation  of 
the  eigenfrequencies  and  that  instability  is  confined  to  only  a  few  modes.  The¬ 
oretical  models  and  particle  simulations  have  also  been  used  to  show  that  the 
spatial  growth  rate  is  reduced  and  the  Landau  damping  rate  is  increased  due 
to  the  inhomogeneity  (Lin  and  Rowe  1972  [13]).  Resonances  in  inhomogeneous 
plasma  diodes,  without  beams,  have  been  studied  for  a  long  time  (  e.  g.  Herlof* 
son  1951  [13],  Crawford  and  Harker  1972[13],  Ku  et  al.  1998  [13]).  A  linearized 
fluid  model  was  used  by  Lofgren  and  Gunell  1998  [13]  to  evaluate  the  eigen- 
modes  in  a  diode  with  a  density  gradient  that  started  from  vanishing  density  at 
the  low  potential  boundary  and  varied  linearly  up  to  the  homogeneous  region  of 
the  diode.  No  beam  was  applied.  Waves  were  found  in  the  region  where  u  > 
that  is,  between  the  low  potential  boundary  and  the  density  gradient,  and  the 
waves  were  reflected  at  points  determined  by  the  local  plasma  frequency.  The 
wave  pattern  had  a  shape  similar  to  the  one  given  by  Airy  functions,  as  expected. 
Since  the  amplitude  was  strongly  enhanced  at  the  cut-off  point,  wave  reflection 
was  proposed  as  one  candidate  for  the  hf  spike.  In  the  PIC-simulations  reported 
by  the  same  authors,  a  beam  was  present,  and  two  eigenmodes  were  clearly  ob¬ 
served.  In  this  case  waves  were  also  observed  beyond  the  cut-off  point,  where 
u  <  (jJp.  In  this  region  wave  modes  similar  to  the  slow  space  charge  wave  mode 
may  grow  and  propagate,  being  excited  by  the  wave  field  at  cut-off.  Evidence 
of  this  has  recently  been  obtained  in  a  theoretical  diode  model  (Lofgren,  to  be 
published) . 


6.  Conclusions 

Much  of  the  research  of  low  power  beams  in  plasmas  is  now  concentrated  on  space 
plasmas  where  electron  beams  are  generated  due  to  acceleration  processes.  Space 
experiments  have  to  some  extent  replaced  laboratory  experiments  and  posed 
problems  connected  with  inhomogeneous  beams  and  background  plasmas,  as  the 
complex  wave  growth  process  in  the  solar  wind  shows.  The  spatial  localisation  of 
the  wave  energy  is  another  problem.  Localised  wave  generation  may  be  caused 
by  density  fluctuations  in  the  ambient  plasma  which  give  rise  to  fluctuating 
growth  and  damping  rates  in  a  marginally  stable  state.  Strong  turbulence  is 
also  a  possibility.  An  electron  beam  may  also  transfer  energy  to  a  packet  of 
Langmuir  waves  and  thereby  localise  the  wave  energy.  This  has  been  proposed  to 
explain  the  wave  localisation  in  the  auroral  zone.  The  hf  spikes  formed  in  density 
gradients  represent  another  localisation  mechanism  which  also  should  work  for 
gradients  caused  by  low  frequency  density  fluctuations  with  appropriate  wave 
lengths  in  the  ambient  plasma.  The  electrostatic  energy  density  in  the  hf  spikes 
can  exceed  the  thermal  energy  density  in  beam-plasma  discharges  where  the 
hf  spikes  also  may  generate  density  spikes  by  enhanced  ionisation.  Small  scale 
laboratory  experiments  with  well  controlled  parameters,  combined  with  particle 
simulations  and  theoretical  models  to  interpret  the  experimental  data,  represent 
a  powerful  method  to  attack  problems  connected  with  inhomogeneous  beams  and 
plasmas.  It  is  expected  that  investigations  of  beam-plasma  interaction  should 
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be  strongly  concentrated  on  inhomogeneous  systems  in  the  future.  Small  scale 
laboratory  experiments  will  hopefully  be  an  important  part  of  this  work,  because 
such  experiments  are  needed,  not  only  for  checking  theoretical  models,  but  also 
for  disclosing  new  phenomena  in  plasmas. 
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A  hybrid  modeling  network,  consisting  of  Monte  Carlo,  fluid  and  collisional-radiative  models 
for  the  various  plasma  species  (electrons,  argon  ions,  fast  argon  atoms,  argon  atoms  in  various 
excited  levels,  copper  atoms  and  ions,  also  in  various  energy  levels)  has  been  developed  for  glow 
discharges,  both  in  the  direct  current  (dc)  and  the  capacitively  coupled  radio-frequency  (rf) 
mode  at  13.56  MHz.  The  typical  results,  like  electrical  characteristics,  densities  of  the  various 
plasma  species,  collisions  in  the  plasma,  cathode-sputtering  and  optical  emission  intensities,  are 
presented  and  compared  between  the  two  operation  modes.  It  is  found  that  for  the  same  input 
power  and  pressure,  the  rf-mode  requires  lower  voltages  than  the  dc-mode,  in  good  correlation 
with  experiment.  The  cathode-sputtering  (erosion)  rate  and  the  optical  emission  intensities 
are,  however,  calculated  to  be  more  or  less  similar  for  both  discharge  modes,  which  is  also  in 
agreement  with  experiment. 


1,  Introduction 

Glow  discharges  are  used  in  a  large  number  of  application  fields,  e.g.,  the  semicon¬ 
ductor  industry  (for  etching  and  deposition  of  layers),  the  materials  technology 
(for  deposition  of  protecting  films),  the  laser-,  lamp-  and  plasma  display  panel 
industry,  and  also  in  analytical  chemistry,  for  the  spectroscopic  analysis  of  solid 
materials  (e.g.,  [1,  2]).  In  the  latter  application  field,  direct  current  (dc)  dis¬ 
charges  are  very  often  applied,  due  to  their  simplicity  and  ease  of  operation. 
The  material  to  be  analyzed  is  then  used  as  the  cathode  of  the  glow  discharge, 
which  is  being  sputtered  by  the  plasma  species.  The  sputtered  atoms  can  be¬ 
come  ionized  or  excited  in  the  plasma.  The  so-formed  ions  can  be  measured  in 
a  mass  spectrometer  whereas  the  excited  sputtered  atoms  create  characteristic 
photons,  which  can  be  detected  with  an  optical  emission  spectrometer.  However, 
the  straightforward  application  of  a  dc  glow  discharge  is  limited  to  the  analy¬ 
sis  of  conducting  materials,  because  non-conducting  cathode  materials  would 
be  charged  up  due  to  positive  ion  bombardment,  preventing  the  cathode  from 
being  sputtered  any  further.  To  widen  the  application  field  to  the  analysis  of 


184 


A.  Bogaerts  and  R.  Gijbels 


non-conducting  materials  as  well,  interest  is  nowadays  being  shifted  to  radio¬ 
frequency  discharges,  mainly  at  13.56  MHz  (e.g.,  [3,  4]).  Indeed,  the  material 
to  be  analyzed  serves  now  as  the  rf-electrode  of  the  discharge,  and  charge  accu¬ 
mulation  due  to  positive  ion  bombardment  can  be  neutralized  due  to  negative 
charge  accumulation  by  electron  bombardment  during  part  of  the  rf-cycle. 

For  good  analytical  practice,  a  thorough  understanding  of  the  glow  discharge 
processes  is  desirable.  We  try  to  obtain  this  by  modeling.  Of  course  these  models 
are  not  only  valid  for  analytical  glow  discharges,  but  they  can  also  be  applied 
to  glow  discharges  used  in  other  application  fields.  In  previous  years  we  have 
developed  a  comprehensive  modeling  network  (consisting  of  Monte  Carlo,  fluid 
and  collisional-radiative  models)  for  the  various  species  present  in  a  dc  glow 
discharge,  i.e.,  electrons,  argon  ions,  fast  argon  ground  state  atoms,  argon  atoms 
in  various  excited  levels,  sputtered  copper  atoms  and  the  corresponding  ions,  also 
in  the  ground  state  and  in  various  excited  levels  (e.g.,  [5,  6,  7,  8,  9,  10, 11]).  More 
recently,  we  have  developed  a  similar  model,  consisting  of  the  same  sub-models, 
for  a  13.56  MHz  rf  discharge  (see  e.g.,  [12,  13,  14,  15]).  In  the  present  paper, 
a  brief  overview  of  the  modeling  network  is  given,  and  some  typical  results  are 
presented  and  compared  for  the  two  operation  modes.  The  typical  conditions 
for  spectrochemical  glow  discharges  are:  argon  discharge  gas  at  several  Torr 
pressure,  500-1200  V  discharge  voltage,  1  -  100  mA  current  and  1  -  100  W 
electrical  power.  The  discharge  cells  are  typically  a  few  cm^  in  volume. 


2.  Description  of  the  models 

In  the  literature,  different  modeling  approaches  are  presented  to  describe  glow 
discharges:  analytical  or  global  models  (e.g.,  [16]),  fluid  approaches  (e.g.,  [17]), 
collisional-radiative  models  (e.g.,  [18]),  full  solutions  of  the  Boltzmann  equation 
(e.g.,  [19]),  Monte  Carlo  methods  (e.g.,  [20]),  particle-in-cell  models  (e.g.,  [21]) 
and  hybrid  combinations  of  the  above  mentioned  models  (e.g.,  [22]).  All  the 
above  models  have  their  particular  advantages  and  disadvantages,  i.e.,  some  of 
the  models  give  a  quick  prediction  but  are  only  crude  approximations,  whereas 
other  models  axe  more  accurate  but  require  a  long  calculation  time.  Therefore, 
we  use  a  specific  model  depending  on  the  type  of  plasma  species  to  be  described. 
Indeed,  the  ’’fast”  plasma  species,  like  fast  electrons,  which  are  not  in  equilibrium 
with  the  electric  field  (which  means  that  the  electrons  gain  more  energy  from  the 
electric  field  than  they  lose  locally  by  collisions),  are  treated  with  a  Monte  Carlo 
model,  which  is  most  accurate  for  such  species.  The  ’’slow”  plasma  species,  on 
the  other  hand,  like  slow  electrons,  atoms,  ions  in  the  bulk  plasma,  for  which  a 
Monte  Carlo  model  would  take  a  very  long  calculation  time,  are  handled  with  a 
fluid  model,  because  the  ’’equilibrium-approach”  is  justified  here.  Furthermore, 
the  atoms  and  ions  in  excited  levels  are  described  with  a  collisional-radiative 
model,  which  can  be  considered  as  a  kind  of  fluid  model.  All  the  different  models 
are  then  combined  into  a  hybrid  modeling  network,  to  present  an  overall  picture 
of  the  glow  discharge.  The  different  species  assumed  to  be  present  in  the  plasma, 
and  the  models  used  to  describe  these  species,  are  presented  in  Table  1.  The 
Monte  Carlo  models  are  developed  in  three  dimensions;  the  fluid  and  collisional- 
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radiative  models  are  only  in  two  dimensions,  because  the  cell  geometry  to  be 
simulated  has  a  cylindrical  symmetry,  and  hence  the  three  dimensions  could  be 
reduced  to  two  dimensions  (axial  and  radial  direction).  In  the  following,  each  of 
these  models  will  be  briefly  explained. 

Table  1.  Overview  of  the  species  assumed  to  be  present  in  the  plasma,  and  the 
models  used  to  describe  these  species 


Plasma  species 

Model 

thermal  Ar  atoms 

electrons 

Monte  Carlo  model  tor  fast 
electrons  fluid  model  for  slow 
electrons _ _ 

Ar  ions 

fluid  model  (together  with 
the  slow  electrons  +  coupled 
to  Poisson  equation)  Monte 
Carlo  model  in  sheath _ 

fast  Ar  atoms  (created  from 
Ar  ions  by  collisions) 

Monte  Carlo  model  in  sheath 

excited  Ar  atoms  (65  levels) 

collisional-radiative  model 

Cu  atoms:  thermalization 

process 

Monte  Carlo  model 

collisional-radiative  model 

Cu  ions 

Monte  Carlo  model  in  sheath 

2.1.  Monte  Carlo  model  for  the  fast  electrons 

Electrons  are  emitted  from  the  cathode  or  rf-electrode  due  to  positive  argon  ion 
bombardment,  and  they  are  accelerated  in  the  sheath  due  to  the  strong  electric 
field.  These  electrons  are  followed  with  a  Monte  Carlo  model,  as  well  as  the 
electrons  created  in  the  sheath  by  ionization  collisions. 

A  large  number  of  ’’super-electrons”,  corresponding  to  several  ’’real”  elec¬ 
trons,  is  followed,  one  after  the  other,  as  a  function  of  time.  During  successive 
time-steps,  their  trajectory  is  calculated  with  Newton’s  laws,  and  their  collisions 
are  treated  with  random  numbers.  Indeed,  the  probability  of  collision  during 
that  time-step  is  calculated  (yielding  a  value  between  0  and  1)  and  compared 
to  a  randomly  created  number  between  0  and  1.  If  the  calculated  probability  is 
lower  than  the  random  number,  no  collision  takes  place.  If  the  collision  prob¬ 
ability  is  higher  than  the  random  number,  a  collision  event  occurs.  Collision 
processes  taken  into  account  in  this  model  are  elastic  collisions  with  Ar  atoms, 
electron  impact  ionization,  excitation  and  de-excitation  between  the  different  Ar 
and  Cu  (excited)  levels,  and  electron-electron  Coulomb  scattering.  To  deter¬ 
mine  which  collision  takes  place,  the  partial  collision  probabilities  of  the  various 
collision  types  are  calculated,  and  the  total  collision  probability  (=  the  sum  of 
the  partial  probabilities)  is  subdivided  in  intervals  with  lengths  corresponding 
to  these  partial  probabilities.  Then,  a  second  random  number  is  generated  and 
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the  interval  into  which  this  random  number  falls,  determines  the  type  of  colli¬ 
sion  that  takes  place.  Further,  the  new  energy  and  direction  after  collision  are 
also  determined  by  random  numbers,  based  on  energy  conservation  laws  and 
on  differential  scattering  cross  sections.  Then,  the  same  procedure  is  repeated 
for  the  next  electron  during  the  same  time-step,  until  all  electrons  are  followed. 
Then,  we  proceed  to  the  next  time-step.  This  procedure  is  repeated  during  a 
large  number  of  time-steps  until  (periodic)  steady-state  is  reached.  This  hap¬ 
pens  already,  in  the  rf-case  at  13.56  MHz,  after  two  rf-cycles  (i.e.,  about  1.5-10’^ 
seconds).  It  should  be  mentioned  that  in  the  dc-case,  the  calculations  can  also 
be  carried  out  independently  of  time. 

In  order  to  reduce  the  calculation  time,  only  ’’fast”  electrons  are  followed  with 
this  Monte  Carlo  model.  When  the  electrons  arrive  in  the  bulk  plasma  and  have 
energies  lower  than  the  threshold  for  inelastic  collisions,  they  are  ’’transferred  to 
the  slow  electron  group”,  to  be  followed  with  the  fluid  model  (see  below).  More 
details  of  this  Monte  Carlo  model  can  be  found  in  Refs.  [5,  6,  8,  12]. 


2.2.  Fluid  model  for  slow  electrons,  Ar  ions  and  potential  distribution 

The  slow  electrons  are  followed  with  a  fluid  model,  together  with  the  Ar  ions. 
The  equations  to  be  solved  in  this  model  are  the  first  two  (or  three)  moments  of 
the  Boltzmann  transport  equation,  i.e.,  the  mass  continuity  equations  for  slow 
electrons  and  Ar  ions  (Eqs.  2.1  and  2.2),  and  the  momentum  continuity  equations 
for  electrons  and  ions,  which  could  be  reduced  to  the  transport  equations,  based 
on  diffusion  and  drift  in  the  electric  field  (Eqs.  2.3  and  2.4).  Moreover,  for  the 
electrons  also  the  electron  energy  balance  equation  is  solved  (Eq.  2.5).  Finally, 
these  equations  are  coupled  to  Poisson’s  equation,  to  obtain  self-consistently  the 
potential  distribution  from  the  electron  and  ion  densities  (Eq.  2.6): 

(2-1) 

(2-2) 

(2.3)  ~ /^Ar+^ylr+ (^1 

(2.4)  je{z, r,  t)  =  fieUeiz,  r,  t)E{z, r,  t)  -  DeVne{z,  r,  t), 


(2.5) -^^^^’^’^^  +V  -  (-^HeWe{z,r,t)E{z,r,t)  -  ^DeVwe{z,r,t)^  = 

-eje{z,r,t)  ■E(z,r,t)  -  Ru,,e{z,r,t), 

(2.6)  V^V{z,r,t)  +  —  {nAr+{z,r,t)  -  ne{z,r,t))  =0,E  =  -W, 
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where  n  and  j  are  the  argon  ion  and  electron  densities  and  fluxes,  Rav^ 

are  the  argon  ion  and  electron  creation  rates,  a  and  D  are  the  ion  and 
electron  mobility  and  diffusion  coefficient,  E  and  are  the  electric  field  and 
the  effective  electric  field  (as  felt  by  the  ions,  see  [12]),  We  is  the  electron  energy 
density  (i.e.,  Se  times  n^),  Ry),e  presents  the  energy  loss  by  collisions,  V  is  the 
electric  potential,  and  e  and  eo  are  the  electron  charge  and  vacuum  permittivity, 
respectively. 

These  equations  are  strongly  coupled  and  solving  them  is  no  straightforward 
mathematical  problem.  The  method  we  used  was  developed  by  Goedheer  and 
coworkers  [23,  24]  and  is  based  on  the  Scharfetter-Gummel  exponential  scheme 
[25,  26]. 

Finally,  it  should  be  mentioned  that  the  electrons  in  this  fluid  model,  espe¬ 
cially  in  the  rf-case,  can  gain  again  some  energy  from  the  electric  field,  and  they 
give  rise  to  some  more  inelastic  collision  processes  which  should  be  taken  into 
account  in  the  model.  In  the  rf-case,  it  was  demonstrated  that  the  ionization 
produced  by  these  slow  fluid-electrons  which  gain  again  sufficient  energy  from 
the  oscillating  electric  field  (i.e.,  so-called  a-ionization)  is  clearly  dominant  com¬ 
pared  to  the  ionization  calculated  in  the  Monte  Carlo  model  [12].  Further  details 
about  this  fluid  model  are  found  in  Refs.  [6,  8,  12]. 


2.3.  Monte  Carlo  model  for  the  Ar  ions  and  fast  Ar  atoms 

Because  a  fluid  model  is  less  suitable  for  species  not  in  equilibrium  with  the 
electric  field  (which  means  that  they  gain  more  energy  from  the  electric  field 
than  they  lose  by  collisions),  and  since  the  Ar  ions  are  not  in  equilibrium  with 
the  rather  high  electric  field  in  the  sheath  region  adjacent  to  the  rf-electrode 
(cathode),  these  species  are  also  described  with  a  Monte  Carlo  model  in  this 
region.  Furthermore,  this  model  also  treats  the  fast  Ar  atoms,  which  are  cre¬ 
ated  from  the  Ar  ions  in  the  sheath  by  charge  transfer  and  momentum  transfer 
scattering  collisions.  The  principle  is  the  same  as  for  the  electron  Monte  Carlo 
model.  Collision  processes  incorporated  in  this  Monte  Carlo  model  are  charge 
transfer  collisions  for  the  Ar  ions,  and  momentum  transfer  collisions,  ionization, 
excitation  and  de-excitation  collisions  for  the  difiFerent  Ar  and  Cu  excited  levels, 
for  both  the  Ar  ions  and  fast  Ar  atoms.  In  this  Monte  Carlo  model,  the  Ar  ions 
and  fast  Ar  atoms  are  also  followed  as  a  function  of  time,  until  periodic  steady 
state  is  reached,  which  is  the  case  after  about  25  -  30  rf- cycles  for  these  species. 
For  more  details,  we  refer  to  Refs.  [7,  13]. 


2.4.  Collisional-radiative  model  for  the  Ar  excited  levels 

64  excited  Ar  levels  are  incorporated  in  this  model.  Some  of  them  are  individual 
levels  (e.g.,  the  4s  levels),  but  most  of  them  are  effective  levels  (i.e.,  a  group 
of  individual  levels  with  similar  excitation  energy  and  quantum  numbers).  For 
each  of  these  levels,  a  balance  equation  is  solved,  with  different  populating  and 
depopulating  processes.  The  processes  taken  into  account  include  electron,  Ar 
ion  and  atom  impact  ionization,  excitation,  de-excitation  and  three-body  recom¬ 
bination  for  all  levels,  radiative  recombination  and  radiative  decay  between  all 
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levels,  and  Hornbeck-Molnar  associative  ionization  for  the  levels  with  excitation 
energy  above  14.71  eV,  Moreover,  for  the  Ar  4s  levels  some  additional  pro¬ 
cesses  are  incorporated,  like  Ar*-Ar*  (associative)  ionization,  Penning  ionization 
of  sputtered  Cu  atoms,  three-body  collisions  with  Ar  atoms,  and  radiation  trap¬ 
ping  for  the  resonant  levels,  which  radiate  to  the  Ar  ground  state.  The  radiation 
trapping  is  described  by  means  of  an  escape  factor,  which  represents  the  fraction 
of  photons  that  can  really  escape  from  the  plasma  without  being  reabsorbed  by 
the  argon  ground  state  atoms.  Transport  of  the  excited  species  (by  diffusion) 
can  be  neglected  with  respect  to  the  collision  and  radiation  processes.  The  fact 
that  all  these  processes  are  of  collisional  or  radiative  nature  explains  the  name 
of  this  model.  More  information  about  this  model  can  be  found  in  Refs.  [9,  14]. 


2.5.  Monte  Carlo  model  for  the  thermalization  of  the  sputtered  Cu  atoms 

When  the  Cu  atoms  are  sputtered  from  the  cathode  (due  to  Ar  ion,  fast  Ar  atom 
and  Cu  ion  bombardment),  they  have  energies  of  5  - 10  eV,  which  they  lose  almost 
immediately  by  collisions  with  the  Ar  gas  atoms,  until  they  are  thermalized. 
Because  this  thermalization  process  occurs  almost  ’’immediately”,  it  is  finished 
before  the  Cu  atoms  start  to  move  by  diffusion.  Because  both  processes  are, 
hence,  separated  in  time,  their  description  can  be  subdivided  in  two  separate 
models.  The  thermalization  process  is  treated  in  a  Monte  Carlo  model,  similar 
to  the  electron  Monte  Carlo  model  (for  more  details  of  this  thermalization  model: 
see  Ref.  [10]).  It  results  in  a  so-called  thermalization  profile  (i.e.,  distribution 
of  thermalized  Cu  atoms  as  a  function  of  distance  from  the  electrode),  which 
serves  as  initial  distribution  for  the  diffusion  of  the  thermalized  Cu  atoms,  which 
is  described  in  the  next  model. 


2.6.  Collisional-radiative  model  for  the  Cu  atoms,  Cu+  and  Cu++  ions  in  the  ground 
state  and  in  various  excited  levels 

As  mentioned  above,  the  further  transport  of  the  sputtered  Cu  atoms  after  ther¬ 
malization  occurs  by  diffusion.  Moreover,  these  Cu  atoms  can  be  ionized  and/or 
excited.  The  behavior  of  the  Cu  atomic  and  ionic  ground  state  and  excited  levels 
is  described  again  in  a  collisional-radiative  model.  8  Cu  atomic  levels,  7  Cu"*"  ionic 
levels,  as  well  as  the  Cu'^+  ions  (no  subdivision  in  different  levels)  are  considered 
in  this  model;  again  most  of  the  levels  are  effective  levels,  consisting  of  various 
individual  levels.  For  each  level,  a  balance  equation  is  constructed  with  different 
populating  and  depopulating  processes.  The  processes  taken  into  account  for 
each  level  are  electron  and  atom  impact  ionization,  excitation,  de-excitation  and 
radiative  decay,  as  well  as  three-body  recombination  to  the  highest  excited  lev¬ 
els,  Penning  ionization  by  Ar  metastable  atoms  and  asymmetric  charge  transfer 
with  Ar  ions  for  some  specific  levels.  Furthermore,  transport  occurs  by  diffusion 
for  the  Cu  atoms  and  by  diffusion  and  drift  in  the  electric  field  for  the  Cu  ions, 
but  this  is  again  negligible  for  the  excited  levels  compared  to  the  collision  and 
radiation  processes.  More  detailed  information  about  this  model  can  be  found 
in  Refs.  [11,  15]. 
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2.7.  Monte  Carlo  model  for  the  Cu  ions  in  the  sheath 

Similar  to  the  Ar  ions,  the  Cu  ions  are  not  in  equilibrium  either  with  the  high 
electric  field  in  the  sheath  adjacent  to  the  rf-electrode  (cathode),  and  are  there¬ 
fore  also  described  with  a  Monte  Carlo  model  in  this  region.  This  model  is  very 
similar  to  the  Ar  ion  and  fast  Ar  atom  Monte  Carlo  model.  It  should  be  men¬ 
tioned  that  these  two  Monte  Carlo  models  in  the  sheath  region  are  especially 
important  for  calculating  the  Ar  ion,  fast  Ar  atom  and  Cu  ion  fiux  energy  dis¬ 
tributions  bombarding  the  rf-electrode  (cathode),  which  are  needed  to  calculate 
the  amount  of  sputtering. 


2.8.  Coupling  of  the  models 

All  these  models  are  coupled  to  each  other  due  to  the  interaction  processes 
between  the  different  plasma  species,  and  the  output  of  one  model  serves  as  the 
input  for  the  next  model  (e.g.  creation  rate  of  certain  species  due  to  collisions  of 
other  kinds  of  species).  Therefore,  all  the  models  are  solved  iteratively  until  final 
convergence  is  reached.  More  information  about  this  coupling,  which  is  identical 
for  the  dc  and  rf  mode,  can  be  found,  e.g.,  in  Ref.  [27].  The  whole  calculation 
procedure  for  one  set  of  discharge  parameters  takes  several  days  on  a  Digital 
personal  workstation. 


3.  Results  of  the  models 


3.1.  Electrical  characteristics 

There  is  essentially  a  difference  between  the  type  of  input  and  output  param¬ 
eters  in  the  dc  and  rf  model.  In  the  dc  model,  the  voltage,  gas  pressure  and 
temperature  are  used  as  input  parameters,  and  the  electrical  current  (and  hence 
also  the  power)  follow  from  the  calculations.  In  the  rf  model,  on  the  other  hand, 
the  electrical  power  is  used  as  input  parameter,  beside  the  gas  pressure  and 
temperature,  and  the  voltage  (both  rf  amplitude  and  dc  bias  voltages)  result  as 
output  values.  However,  the  dc  case  can  also  be  simulated  with  the  rf  model 
(when  keeping  the  voltage  at  the  cathode  constant),  and  the  results  were  totally 
identical  to  the  dc  model  results. 

In  order  to  check  the  modeling  calculations  against  experimental  values,  we 
have  performed  the  calculations  for  typical  cell  dimensions  used  experimentally, 
although  we  have  approximated  the  rather  complicated  experimental  cell  geome¬ 
try  by  a  simple  cylinder,  with  length  equal  to  2  cm  and  diameter  equal  to  2.5  mm. 
The  cathode  or  rf-electrode  is  placed  at  one  end  of  the  cylinder  (hence  also  with 
diameter  of  2.5  mm)  and  the  other  cell  walls  are  grounded.  Because  of  the  large 
difference  in  size  of  rf-electrode  and  grounded  electrode,  it  is  expected  that,  in 
the  rf-case,  the  dc-bias  voltage  is  fairly  negative.  Indeed,  typical  experimental 
discharge  conditions  reveal,  at  a  frequency  of  13.56  MHz,  a  dc  bias  voltage  of - 
627  V  and  an  rf  amplitude  voltage  of  764  V,  for  a  gas  pressure  of  about  6  Torr 
and  electrical  power  of  10  W  [28].  It  is  also  observed  experimentally  that  the 
dc  operation  mode  yields  similar  analytical  characteristics  (sputter-erosion  rates. 
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optical  emission  intensities)  at  the  same  power  and  pressure  values,  but  that  this 
occurs  at  the  higher  voltage  of  1100  V  [28]. 

Fig.  1  presents  the  calculated  (solid  line)  and  experimental  (dashed  line) 
potentials  at  the  rf-electrode  as  a  function  of  time  in  the  rf-cycle.  Both  have  a 


FIG.  1.  Electrical  potential  at  the  rf-electrode  (Vrf- electrode'  calculeted  (solid  line)  and 
experimental  (dashed  line)),  dc-bias  voltage  {Vdc-bias)  and  plasma  potential  {Vpia3ma,rf  in  the 
rf-discharge.  Also  shown  are  the  voltage  (Vdc)  and  plasma  potential  {Vpia3ma,dc)  in  the  dc 
discharge.  Operating  conditions:  p  =  6  Torr,  P  =  10  W. 

sinusoidal  profile.  Indeed,  this  is  used  as  input  in  the  model.  Experimentally, 
however,  the  real  profile  differs  slightly  (less  than  10%  for  the  present  case)  from 
a  perfect  sinusoidal  profile.  The  potential  at  the  rf-electrode  is  negative  during 
most  of  the  rf-cycle,  in  both  the  real  and  the  calculated  conditions,  and  becomes 
only  positive  around  7r/2.  The  calculated  rf-amplitude  voltage  is  about  937  V, 
which  is  about  170  V  higher  than  the  experimental  value  (i.e.,  764  V).  The 
calculated  dc-bi2LS  voltage  of  -  640  V  is  however  in  very  good  agreement  with 
experiment  (i.e.,  -  627  V).  Also  the  calculated  voltage  in  the  dc  case,  for  exactly 
the  same  conditions  of  power  and  pressure,  is  presented,  and  is  equal  to  -1100  V. 
This  value  is  also  in  very  good  agreement  with  the  measured  value.  Although 
the  absolute  values  of  these  calculation  results,  in  particular  the  rf-amplitude, 
are  not  in  exact  agreement  with  the  experimental  values,  the  correct  trend  is 
certainly  predicted.  Indeed,  the  rf  voltages  (both  rf-amplitude  and  dc-bias)  are 
clearly  lower  than  the  dc  voltage  for  the  same  conditions  of  pressure  and  power, 
which  indicates  that  the  rf  mode  yields  more  efficient  ionization,  due  to  the 
movement  of  electrons  in  the  oscillating  electric  field  (see  further).  The  plasma 
potentials  in  the  rf  mode  and  dc  mode  are,  however,  very  similar  to  each  other ,- 
as  is  also  illustrated  in  Fig.  1.  The  rf  plasma  potential  is  rather  high  (almost  300 
V,  i.e.,  equal  to  the  potential  at  the  rf-electrode)  around  7r/2,  but  decreases  to 
values  of  about  35  V  during  most  Of  the  rf-cycle,  which  is  equal  to  the  dc  plasma 
potential. 


V  (Volt) 


FIG.  2.  Two-dimensional  potential  distributions  in  the  rf-discharge,  at  4  times  in  the  rf-cycle, 
and  in  the  dc-discharge.  Same  operating  conditions  as  in  Fig.  1. 

The  two-dimensional  potential  distributions,  at  four  times  in  the  rf-cycle 
in  the  rf-case,  and  the  dc  potential  distribution,  are  presented  in  Fig.  2.  At 
~  ^/2)  the  potential  is  rather  high  throughout  the  main  discharge  volume, 
but  it  decreases  gradually,  and  close  to  the  grounded  walls  more  rapidly,  to  zero 


at  the  grounded  cell  walls.  Hence,  at  this  time  in  the  rf-cycle,  there  is  no  rf-sheath 
adjacent  to  the  rf-electrode,  but  rather  adjacent  to  the  grounded  cell  walls.  At 
cjt  =  0,  TT  and  27r,  the  potential  is  very  negative  (i.e.,  -640  V,  the  dc-bias)  at  the 
rf-electrode  and  it  increases  rapidly  to  zero  at  0.4  mm  from  the  rf-electrode.  It 
reaches  a  positive  value  of  about  35  V  in  the  bulk  plasma.  A  similar  potential 
distribution  is  also  observed  around  wt  =  37r/2,  but  the  potential  at  the  rf- 
electrode  is  even  more  negative  (i.c.,  about  -1580  V,  equal  to  the  sum  of  the 
rf-amplitude  and  dc-bias).  This  large  potential  has  dropped  to  zero  at  about 
0,6  mm  from  the  rf-electrode,  and  the  value  in  the  bulk  plasma  is  also  about 
35  V.  The  potential  distributions  at  6t;t  =  0,  tt  or  27r  and  cot  =  37r/2  strongly 
resemble  the  dc  potential  distribution,  which  is  also  shown  in  Fig.  2.  It  is  -1100 
V  at  the  cathode,  goes  through  zero  at  about  0.8  mm  from  the  cathode,  and 
reaches  also  a  value  of  35  V  in  the  bulk  plasma  (negative  glow).  Hence,  for  the 
discharge  conditions  and  cell  geometry  under  study,  it  can  be  concluded  that, 
except  around  cot  =  7r/2,  the  rf  potential  distribution  looks  very  much  like  a  dc 
potential  distribution  due  to  the  large  dc-bias,  so  that  the  present  rf  discharge 
can  be  considered  as  a  dc  discharge  with  an  rf  sine- wave  superimposed  to  it. 

Not  only  the  electrical  potential  follows  from  the  calculations;  also  the  elec¬ 
trical  current.  Fig.  3  depicts  the  total  rf-current,  as  a  function  of  time  in  the 
rf-cycle,  as  well  as  the  individual  contributions  of  electron  current,  ion  current 


FIG.  3.  Total  electrical  current  at  the  rf-electrode  (Jtotaii'f'f))  in  the  rf-discharge,  and 
contributions  of  the  ion  current  (Ji(r/)),  electron  current  {Je{rf)  and  displacement  current 
(JD{rf))i  also  at  the  rf-electrode,  as  a  function  of  time  in  the  rf-cycle.  Also  shown  is  the  total 
electrical  current  at  the  cathode  in  the  dc-discharge  {Jtotai{dc)),  Same  conditions  as  in  Fig.  1. 

and  displacement  current  (i.e.,  due  to  the  movement  of  the  rf-sheath).  As  fol¬ 
lows  from  Fig.  3,  the  latter  contribution  is  negligible  at  our  discharge  conditions. 
Indeed,  the  rf-sheath  varies  only  in  thickness  between  0  mm  (around  ujt  =  7r/2), 
0.4  mm  (around  ci;t  =  0,  tt  and  27r)  and  0.6  mm  (around  cot  =  37r/2),  as  could  be 
observed  in  Fig.  2.  This  is  not  a  large  variation,  and  the  positive  charge  in  the 
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rf-sheath  does  not  change  enough  to  yield  a  large  displacement  current.  During 
most  of  the  rf-cycle,  the  current  at  the  rf-electrode  is  attributed  to  ions  bombard¬ 
ing  the  rf-electrode.  However,  around  tot  —  7r/2,  a  large  electron  current  is  drawn 
towards  the  rf-electrode.  This  is  necessary  to  compensate  for  the  positive  charge 
accumulation  at  the  rf-electrode  due  to  the  capacitive  coupling  of  the  rf-power, 
and  it  results  in  a  net  zero  current  at  the  rf-electrode,  when  integrated  over  the 
entire  rf-cycle.  Also  plotted  in  Fig.  3  is  the  calculated  current  in  the  dc  case, 
for  the  same  conditions  of  power  and  pressure.  It  is  equal  to  (-)  9  mA,  which  is 
most  of  the  time  lower  than  the  instantaneous  values  in  the  rf-case  (which  is  of 
course  logical,  because  the  dc  voltage  is  higher  for  the  same  power  value  as  in 
the  rf-case) . 


3.2.  Densities  of  the  plasma  species 

In  Fig.  4  the  calculated  argon  ion  densities  in  the  rf  and  dc  discharge  are  illus¬ 
trated.  The  argon  ion  density  was  found  to  be  constant  throughout  the  entire 


FIG.  4.  Two-dimensional  Ar  ion  density  profile  in  the  rf-  and  the  dc-discharge.  Same 
operating  conditions  as  in  Fig.  1. 

rf-cycle.  Qualitatively,  the  profiles  look  rather  similar  to  each  other,  i.e.  a  low 
and  nearly  constant  value  in  the  sheath,  a  mciximum  between  0.1  and  0.2  mm 
from  the  electrode,  and  then  decreasing  to  low  values  at  the  grounded  cell  walls. 
The  rf  density  appears,  however,  to  be  a  factor  of  2.5  higher  than  the  dc  argon 
ion  density,  which  is  not  unexpected,  taking  into  account  the  somewhat  higher 
rf-current  and  the  more  efficient  rf  ionization.  Moreover,  the  rf  argon  ion  density 
drops  much  slower  to  low  values  as  a  function  of  distance  from  the  electrode  than 
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the  dc  argon  ion  density.  Prom  this  (and  also  from  the  electron  and  metastable 
argon  atom  density  profiles;  see  below)  it  can  be  concluded  that  in  the  rf  case, 
the  discharge  vessel  is  much  more  filled  with  plasma  than  in  the  dc  case. 

The  electron  density  (not  shown)  is  characterized  by  the  same  profile  (also  in 
absolute  numbers)  as  the  argon  ion  density,  but  it  is  zero  in  the  sheath  yielding 
a  net  positive  space  charge  (and  hence  a  strong  potential  drop;  see  above).  Only 
around  =  7r/2  in  the  rf-case,  the  electron  and  argon  ion  densities  are  equal  to 
each  other,  yielding  charge  neutrality  not  only  in  the  bulk  plasma,  but  also  in 
the  sheath  adjacent  to  the  rf-electrode. 

The  calculated  argon  metastable  densities  (4s[3/2]2  level)  in  both  the  rf  and 
the  dc  case,  are  presented  in  Fig.  5. 
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Fig.  5.  Two-dimensional  Ar  metastable  atom  density  profile  (4s [3/2] 2  level)  in  the  rf-  and 
the  dc-discharge.  Same  operating  conditions  as  in  Fig.  1. 


Again,  the  metastable  densities  appear  to  be  constant  throughout  the  entire 
rf-cycle.  Looking  at  the  absolute  values,  the  metastable  densities  are  charac¬ 
terized  by  the  same  peak  values  in  both  the  dc  and  rf  discharge.  The  location 
of  the  peaks  is,  however,  different.  Indeed,  the  rf  metastable  density  shows  a 
pronounced  peak  adjacent  to  the  rf-electrode  and  it  has  also  rather  high  values 
throughout  the  entire  bulk  plasma.  The  latter  is  due  to  excitation  by  a-electrons 
around  u)t  =  7r/2.  Indeed,  as  has  been  demonstrated  in  ref.  [12],  electrons  in 
the  bulk  plasma  can  become  slightly  heated  by  the  moderate  electric  field  in  this 
region  around  (vt  =  tt/ 2  (see  also  Fig.  2),  and  they  have  just  high  enough  en¬ 
ergy  to  cause  excitation  and  ionization  (see  also  below).  This  excitation,  which 
occurs  primarily  around  ujt  =  n/2,  is  responsible  for  the  rather  high  values  in 
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the  bulk  plasma.  In  the  dc  case,  the  metastable  density  shows  a  distinct  peak  at 
the  interface  between  sheath  and  negative  glow  and  is  also  quite  high  adjacent 
to  the  cathode.  However,  it  is  very  low  in  the  bulk  plasma,  due  to  the  absence 
of  a-electrons  which  can  cause  excitation  here. 

Fig.  6  presents  the  calculated  sputtered  copper  atoms  densities  (in  the  ground 
state)  in  the  rf  (again  constant  in  time)  and  dc  discharge.  The  relative  profiles 
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FIG.  6.  Two-dimensional  sputtered  Cu  atom  density  profile  in  the  rf-  and  the  dc-discharge. 

Same  operating  conditions  as  in  Fig.  1. 

are  almost  identical,  i.e.,  low  values  at  the  electrodes  and  a  maximum  at  less 
than  0.5  mm  from  the  cathode  (or  rf-electrode) .  Also  the  absolute  values  are 
very  similar.  The  value  in  the  rf  discharge  is  slightly  higher  (i.e.,  a  factor  of 
1.5,  only  at  the  maximum  of  the  profile),  which  is  attributed  to  the  somewhat 
more  efficient  sputtering  (see  below).  The  calculated  copper  ion  densities  (in 
the  ground  state)  are  also  very  similar  to  each  other,  both  in  relative  profiles 
(i.e.,  maximum  around  1  mm)  and  even  in  absolute  values,  as  is  demonstrated 
in  Fig.  7.  This  finding  is  not  straightforward,  taking  into  account  the  clear 
differences  in  electric  potentials,  currents  and  argon  ion  and  electron  densities 
in  both  discharge  modes  (see  above).  It  turns  out  that,  although  the  model 
predicts  slightly  less  efficient  sputtering  in  the  dc  discharge,  this  appears  to  be 
compensated  by  slightly  more  efficient  ionization.  Finally,  this  good  correlation 
between  copper  atom  and  ion  densities  in  both  discharge  modes  is  in  excellent 
agreement  with  experimental  observations,  where  it  is  found  that  the  rf  and  dc 
modes,  at  the  same  values  of  power  and  pressure  but  different  values  of  voltage 
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(see  above)  yield  very  similar  analytical  characteristics  (which  are  of  course  in 
close  relation  to  the  sputtered  species)  [28]. 
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FIG.  7.  Two-dimensional  Cu  in  density  profile  in  the  rf-  and  the  dc-dischaxge.  Same 
operating  conditions  as  in  Fig.  1. 


3.3.  Ionization  in  the  plasnna 

In  Fig.  8  the  electron  impact  ionization  rate  of  argon  in  one  dimension  is  plotted 
as  a  function  of  distance  from  the  rf-electrode.  In  the  rf  model,  the  ionization  due 
to  electrons  is  described  both  in  the  Monte  Carlo  and  the  fluid  model.  Indeed, 
as  mentioned  before,  the  Monte  Carlo  model  treats  only  the  fast  electrons,  and 
once  they  are  slowed  down  below  the  threshold  for  inelastic  collisions  in  the 
bulk  plasma,  these  electrons  are  transferred  to  the  fluid  model.  However,  these 
slow  electrons  can  again  be  heated  by  the  oscillating  electric  field  (due  to  the 
movement  of  the  rf-sheath)  and  by  the  moderate  electric  field  in  the  bulk  plasma 
around  ut  =  7r/2  (see  above.  Fig.  2).  Hence,  these  electrons  can  produce  some 
more  ionization,  which  is  typical  for  an  rf-discharge  and  is  called  ”  a- ionization” . 
The  ionization  rates  due  to  Monte  Carlo  electrons  (i.e.,  the  electrons  emitted  by 
the  rf-electrode  and  the  fast  electrons  created  in  collisions  from  the  first  group; 
they  produce  so-called  ”7- ionization”)  and  due  to  fluid  electrons,  at  four  times 
in  the  rf-cycle,  are  presented  in  the  top  and  middle  parts  of  Fig.  8,  respectively. 
The  Monte  Carlo  (7)  ionization  reaches  a  maximum  at  the  sheath-bulk  plasma 
interface.  The  fluid  (a)  ionization  at  times  u)t  =  tt,  37r/2  and  27r  also  reaches 
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FIG.  8.  Electron  impact  ionization  rates  as  a  function  of  distance  from  the 
rf-electrode/cathode,  (a)  in  the  rf-discharge  at  four  times,  calculated  by  the  Monte  Carlo 
model  (7-  ionizatin),  (b)  in  the  rf-discharge  at  four  times,  calculated  by  the  fluid  model 
(a-ionization),  (c)  in  the  dc-discharge.  Same  operating  conditions  as  in  Fig.  1. 

a  maximum  here,  caused  by  electrons  which  are  drawn  towards  the  rf-electrode 
around  ujt  =  n/ 2  and  then  accelerated  back  towards  the  bulk  plasma  at  later 
times,  when  the  rf-sheath  develops  again  and  has  a  strongly  negative  electric 
field.  The  fiuid  ionization  at  u)t  ==  7r/2  (presented  by  the  dashed  line  in  the 
middle  part  of  the  figure)  is  characterized  by  a  peak  adjacent  to  the  rf-electrode 
(caused  by  the  electrons  drawn  towards  the  rf-electrode)  and  a  broad  maximum 
in  the  entire  bulk  plasma  (caused  by  electrons  accelerated  here  by  the  moderate 
electric  field).  The  latter  broad  maximum  is  also  in  correspondence  with  the 
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rather  high  values  of  the  argon  metastable  density  in  the  bulk  plasma,  as  has 
been  explained  before.  The  lower  part  of  Fig.  8  presents  the  electron  impact 
ionization  rate  in  the  dc  case.  It  reaches  also  a  maximum  at  the  sheath-negative 
glow  interface,  similar  to  the  7-ionization  in  the  rf  case,  and  is  somewhat  higher 
in  magnitude  than  the  time-averaged  7-ionization.  However,  in  the  dc  case  no 
a-ionization  takes  place,  so  that  the  overall  dc  ionization  is  lower  than  the  overall 
rf  ionization,  yielding  a  higher  dc  voltage  for  the  same  conditions  of  power  and 
pressure,  in  agreement  with  experiment. 


FIG.  9.  Ionization  of  argon  integrated  over  the  entire  discharge  volume,  in  the  rf-discharge  (as 

a  function  of  time  in  the  rf-cycle)  and  the  dc-discharge.  Upper  part:  electron  impact 
ionization  (and  individual  contributions  a  and  7  ionization),  lower  part:  fast  Ar  ion  and  atom 
impact  ionization.  Same  operating  conditions  as  in  Fig.  1. 

This  is  also  illustrated  in  Fig.  9,  which  presents  the  ionization  rate,  integrated 
over  the  entire  discharge  volume,  as  a  function  of  time  in  the  rf-cycle.  It  is  clear 
(upper  part  of  the  figure)  that  most  of  the  rf  ionization  is  due  to  fluid  electrons  (a- 
ionization).  The  latter  is  especially  important  around  ujt  =  7r/2,  as  was  expected 
already  from  the  broad  maximum  in  Fig.  8.  Also  shown  for  comparison  is  the 
dc  ionization  rate,  integrated  over  the  entire  discharge  volume.  It  is  somewhat 
higher  than  the  g-ionization,  but  clearly  lower  than  the  a-ionization,  as  was 
illustrated  already  in  Fig.  8.  The  lower  part  of  Fig.  9  shows  the  ionization  rate 
due  to  fast  Ar  ions  and  atoms,  both  in  the  rf  mode  and  the  dc  mode.  It  appears 
that  these  processes  occur  at  a  similar  rate  in  both  operation  modes,  when 
averaged  over  time.  The  cross  sections  of  Ar  ion  and  atom  impact  ionization 
start  to  rise  only  for  energies  above  several  100  eV.  Since  the  Ar  ions  and  atoms 
can  only  reach  high  energies  adjacent  to  the  rf-electrode/cathode  (where  they 
have  gained  energy  from  the  high  electric  field  in  the  sheath),  these  processes 
only  occur  in  this  region.  Integrated  over  the  entire  discharge  region  they  are, 
therefore,  of  minor  importance  compared  to  electron  impact  ionization  (see  the 
left  axis  of  upper  and  lower  part  of  Fig.  9).  We  calculated  relative  contributions 
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for  electron,  Ar  ion  and  Ar  atom  impact  ionization  of  about  95%,  1%  and  4%, 
respectively,  in  the  rf-case,  and  about  89%,  2%  and  9%,  respectively,  in  the  dc- 
case  [29].  The  reason  that  electron  impact  ionization  is  even  more  important  in 
the  rf-case  is  of  course  due  to  the  dominant  role  of  a-ionization. 


3.4.  Optical  emission  intensities 

As  mentioned  in  the  introduction,  dc  and  rf  glow  discharges  are  used  in  analytical 
chemistry,  often  in  combination  with  optical  emission  spectrometers,  to  measure 
emission  intensities.  The  collisional-radiative  models  for  Ar  and  Cu,  which  we 
have  briefly  described  above,  allow  to  calculate  the  populations  of  various  excited 
levels.  When  multiplying  the  latter  with  the  Einstein  transition  probabilities  for 
radiative  decay,  the  optical  emission  intensities  can  be  obtained,  which  are  of 
interest  for  glow  discharge  optical  emission  spectrometry.  Fig.  10  presents,  as 
an  example,  the  calculated  Ar  atomic  spectra,  both  in  the  rf  and  dc  mode.  The 


FIG.  10.  Ar  atomic  optical  emission  spectra  in  the  rf-and  dc-discharge.  Same  operating 

conditions  as  in  Fig.  1. 

rf-spectrum  is  presented  at  ut  =  37r/2;  it  varies  only  slightly  as  a  function  of 
time.  It  is  clear  that  both  spectra  are  almost  identical,  in  spite  of  the  different 
conditions  of  voltage  and  current  (and  electron  and  argon  ion  density).  This  is 
in  excellent  agreement  with  experiment,  where  it  is  also  found  that  the  rf  and 
dc  discharge,  at  the  same  conditions  of  power  and  pressure,  but  different  values 
of  voltage,  yield  very  similar  optical  emission  intensities.  From  both  spectra 
it  is  obvious  that  the  lines  in  the  region  700-1000  nm,  i.e.,  the  so-called  red 
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lines,  corresponding  to  4p-4s  transitions,  are  the  most  intense  ones.  However, 
beside  that,  also  the  lines  in  the  region  400-450,  i.e.,  the  so-called  blue  lines, 
corresponding  to  5p-4s  transitions,  have  rather  high  intensities,  and  there  are 
many  more  lines,  of  lower  intensity,  throughout  the  whole  spectrum  studied.  It 
was  demonstrated  before  that  the  calculated  spectrum,  at  least  for  the  dc  case 
where  we  have  checked  it,  agreed  very  well  with  experimental  spectra  from  the 
literature  [30]. 


3.5.  Sputtering  at  the  cathode 

Finally,  the  model  is  also  able  to  calculate  the  amount  of  sputtering  at  the  rf- 
electrode/cathode,  based  on  the  flux  energy  distributions  of  the  Ar  ions,  fast  Ar 
atoms  and  Cu  ions  calculated  with  the  Monte  Carlo  models,  and  on  an  empirical 
formula  for  the  sputtering  yield  as  a  function  of  the  bombarding  energy.  Fig. 
11  illustrates  the  net  sputtering  flux  in  the  rf  mode  (as  a  function  of  time  in 
the  rf-cycle)  and  in  the  dc  mode.  The  net  sputtering  flux  is  the  result  of  the 


FIG.  11.  Sputtering  rate  at  the  rf-electrode/cathode  in  the  rf-and  dc-discharge. 

Same  conditions  as  in  Fig.  1. 

total  sputtering  flux,  calculated  in  the  way  mentioned  above,  minus  the  flux  of 
redeposited  Cu  atoms  onto  the  electrode.  The  latter  can  be  quite  high,  so  that 
the  net  sputtering  flux  is  only  about  30-40%  of  the  total  sputtering  flux.  It  can 
be  deduced  from  Fig.  11  that,  averaged  over  time,  the  rf  sputtering  flux  is  only 
slightly  higher  than  the  dc  sputtering  flux.  This  is  not  too  much  in  discrepancy 
with  experiment,  where  similar  sputtering  (erosion)  rates  are  obtained  in  both 
the  dc  and  rf  mode,  at  the  same  values  of  power  and  pressure.  Indeed,  on  one 
hand,  the  dc  discharge  is  characterized  by  a  higher  voltage,  yielding  somewhat 
higher  ion  and  atom  energies  at  the  cathode,  which  give  rise  to  more  efficient 
sputtering,  but  on  the  other  hand,  the  rf  discharge  yields  higher  ion  currents 
bombarding  the  rf-electrode,  which  leads  of  course  also  to  more  sputtering.  It 
appears  therefore  that  the  combination  of  both  effects  yields  more  or  less  similar 


Modeling  of  radio-frequency  and  direct  current  glow  discharges  in  argon 


201 


sputtering  in  both  operation  modes. 

Finally,  it  should  be  mentioned  that  the  fast  Ar  atoms  play  a  dominant  role 
in  sputtering,  with  a  calculated  contribution  of  about  70%  in  the  rf-case  and 
60%  in  the  dc-case.  The  Ar  ions  and  Cu  ions  seem  to  contribute  for  about  the 
same  extent  to  the  sputtering  at  the  discharge  conditions  under  study,  i.e.,  Ar 
ions:  about  17%  (rf)  and  21%  (dc)  and  Cu  ions  (called  ” self-sputtering”):  about 
13%  and  19%  in  the  rf  and  dc  case,  respectively.  The  fact  that  the  sputtering 
is  predominantly  caused  by  fast  Ar  atoms  explains  also  why  the  rf  case  predicts 
more  efficient  sputtering  around  ivt  -  ir/ 2  and  lowest  sputtering  around  wt  = 
37r/2.  Indeed,  it  was  found  in  Ref.  [13]  that  the  fast  Ar  atoms  have  their 
maximum  energy  and  maximum  flux  at  the  rf-electrode  around  tot  =  7r/2,  and 
that  their  energy  and  flux  reach  a  minimum  value  around  ujt  =  37r/2  [13]. 


4.  Conclusion 

A  hybrid  set  of  models  (Monte  Carlo,  fluid  and  collisional-radiative  models)  has 
been  developed  for  an  argon  glow  discharge,  both  in  the  dc  and  the  capacitively 
coupled  rf  mode.  The  species  described  with  these  models  are  the  electrons,  Ar 
ions,  fast  Ar  atoms,  Ar  atoms  in  various  excited  levels,  sputtered  Cu  atoms  and 
the  corresponding  Cu  ions,  also  in  the  ground  state  and  in  various  excited  levels. 
Some  typical  results,  like  electrical  characteristics  (voltages  and  currents),  densi¬ 
ties,  ionization  rates,  optical  emission  spectra  and  information  about  sputtering, 
are  presented  here,  as  an  example  of  what  can  be  predicted  with  the  models. 
It  is  found  that  the  rf  discharge  requires  lower  voltages  (both  rf-amplitude  and 
dc-bias)  than  the  dc  discharge,  due  to  the  more  efficient  ionization  (i.e.,  so-called 
a- ionization).  The  calculated  voltages  are  in  reasonable  agreement  with  experi¬ 
mental  values,  for  the  same  conditions  of  power  and  pressure.  On  the  other  hand, 
the  rf  discharge  is  characterized  by  somewhat  higher  electrical  currents  (which  is 
of  course  logical,  in  order  to  yield  the  same  power  values)  and  higher  Ar  ion  and 
electron  densities.  Moreover,  the  argon  ion,  electron  and  argon  metastable  atoms 
have  higher  densities  throughout  the  whole  discharge  in  the  rf  case,  whereas  their 
densities  drop  rather  quickly  in  the  dc  case.  Hence,  it  can  be  concluded  that  the 
discharge  vessel  is  much  more  filled  with  plasma  in  the  rf  case  than  in  the  dc 
case.  The  Cu  atom  and  ion  densities  are,  however,  calculated  to  be  more  or 
less  similar  in  both  operation  modes.  This  is  also  true  for  the  optical  emission 
spectra  and  the  sputtering  rates  at  the  rf-electrode/cathode.  The  latter  is  also 
in  good  agreement  with  experiments.  Beside  the  absolute  values,  the  relative 
shapes  of  the  profiles  are  also  quite  similar  for  both  modes,  except  from  a  faster 
drop  in  the  dc  case.  It  can  thus  be  concluded  that,  for  the  discharge  conditions 
under  investigation  (i.e.,  rather  high  pressure,  power  and  dc-bias,  and  small  cell 
geometry),  the  rf  discharge  looks  very  much  like  a  dc  discharge. 
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A  selfconsistent  model  which  couples  fluid  dynamics,  state  to  state  vibrational  kinetics  and 
Boltzmann  equation  for  the  electron  energy  distribution  function  has  been  developed  for  study¬ 
ing  high  enthalpy  expanding  flows.  The  results  show  strong  non-equilibrium  vibrational  distri¬ 
butions  along  the  nozzle  axis  generated  by  the  recombination  process.  Moreover  non  Maxwell 
electron  energy  distribution  functions  are  also  present  as  a  result  of  second  kind  collisions  of 
electrons  with  vibrationally  and  electronically  excited  states. 


Symbols 


A  :  nozzle  cross  section 

Cp  :  constant  pressure  specific  heat 

Cps  :  constant  pressure  specific  heat  of  s-th  species 

Csv  :  mass  fraction  of  the  s-th  species  in  the  v-th  level 

Cy  :  constant  volume  specific  heat 

Cys  :  constant  volume  specific  heat  of  s-th  species 

fsy  :  fraction  of  the  molecule  (atom)  s-th  in  the  v-th  level 

h  ;  enthalpy  per  unit  mass 

hi  :  internal  enthalpy  per  unit  mass 

hr  :  translational  enthalpy  per  unit  mass 

H fs  :  molar  formation  enthalpy  of  s-th  species 

Jei  :  electron  energy  flux  due  to  elastic  collision 

:  electron  energy  flux  due  to  electron-electron  collisions 
Je  :  energy  flux  due  to  electric  field 
m  :  mean  molar  mass 
rris  :  molar  mass  of  s-th  species 

hsy  :  molar  source  term  of  s-th  species  in  the  v-th  level 
The  :  electron  density 

n{e)  :  electron  energy  distribution  function  in  eV“^ 
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P  :  pressure 

Qe  :  heat  production  per  mole  due  to  electron  collisions 
R  :  ideal  gas  constant 

Rp  :  rate  coefficient  for  a  generic  inelastic  or  superelastic  process  p 

Sin  •  electron  source  term  due  to  inelastic  collision 

Ssup  *  electron  source  term  due  to  superelastic  collision 

T  :  gas  temperature 

Ty  :  vibrational  temperature 

u  :  longitudinal  axial  speed 

X  :  nozzle  position  along  the  axis 

OL  *  Cy  I R 

ae  •  ionization  degree 

0^5  * 

Xs  •  molar  fraction  of  s-th  species 
e  :  electron  energy 

e*  :  threshold  energy  of  the  electron  molecule  collision  process  p 
£p  :  energy  exchanged  in  the  electron-molecule  collision  process  p 
£gy  :  v-th  level  energy  of  the  s-th  species 
p  :  mass  density 

pgy  :  mass  density  of  the  s-th  species  in  the  v-th  level 
(jp  :  cross  section  for  an  inelastic  or  superelastic  process  p. 

The  effects  of  chemical  and  thermal  non  equilibrium  in  modifying  the  charac¬ 
teristics  of  flow  fields  have  been  widely  studied  in  the  past  [1].  The  approach 
commonly  used  to  take  into  account  thermal  non  equilibrium  consists  in  as¬ 
signing  different  temperatures  to  the  relevant  degrees  of  freedom  of  the  system 
[1]  i.e.  translational  ”T”,  vibrational  and  an  electron  temperature  ’’Tg”. 
This  point  of  view  implies  Boltzmann  distributions  for  translational  and  internal 
degrees  of  freedom  [2]. 

However  under  several  experimental  conditions  (gas  expansion,  discharge  and 
post  discharge)  vibrational  distributions  and  electron  energy  distribution  func¬ 
tion  do  not  follow  Boltzmann  and  Maxwell  distributions  [3,  4,  5].  Therefore 
the  concept  of  temperature  becomes  meaningless.  In  these  conditions  a  self- 
consistent  treatment  of  the  kinetics  of  heavy  particles  and  electrons  [6]  is  neces¬ 
sary  to  take  into  account  the  coupling  existing  between  all  the  degree  of  freedom 
of  the  system. 

All  these  problems  are  present  in  supersonic  expansion  of  high  tempera¬ 
ture  gases:  the  ”hot”  gas  rapidly  cools  down  while  expanding  through  a  nozzle, 
contemporarily  decreasing  its  pressure  and  increasing  the  speed.  As  a  conse¬ 
quence,  the  flow  characteristic  time  becomes  comparable  (if  not  shorter)  with 
the  relaxation  time  of  the  vibrational  distribution  and  therefore  nonequilibrium 
vibrational  distributions  arise.  The  coupling  between  vibrational  and  chemical 
kinetics  and  fluid  dynamics  has  been  studied  in  one  dimensional  nozzle  model 
for  air  mixtures  [7,  8]  and  for  pure  nitrogen  [9]  flows,  showing  dramatic  effects. 
In  particular  strong  departures  of  the  global  chemical  rates  (integrated  over  the 
vibrational  distribution)  from  the  Arrhenius  trend  have  been  calculated  thus  em¬ 
phasizing  the  inapplicability  of  the  multitemperature  approach.  In  this  work  the 
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model  has  been  completed  adding  the  electron  kinetics  and  the  electron-molecule 
collisions. 

The  kinetic  scheme  considers  the  selfconsistent  coupling  between  vibrational 
kinetics,  Boltzmann  equation  for  the  electron  energy  distribution  function  (eedf) 
and  fluidynamics  i.e.  the  same  level  of  sophystication  used  for  modeling  the 
boundary  layer  of  a  blunt  body  re-entering  in  the  atmosphere  with  hypersonic 
speed  [10].  On  the  other  hand  the  presence  of  electronically  excited  states  and 
their  consequences  on  eedf  has  been  considered  in  a  parametric  form.  In  all  the 
reported  cases  the  ionization  degree  has  been  considered  frozen  along  the  nozzle 
axis. 


1.  Theoretical  model 


To  model  the  expansion  flow  we  use  stationary  Euler  equations  adapted  for  the 
quasi  one-dimensional  nozzle,  i.e.  the  mass  continuity 


momentum  continuity 


energy  continuity 


dp{x)u{x)A{x) 


du{x)  dP{x) 


h{x)  + 


u^{x) 


completed  with  the  perfect  gas  state  equation 

(1.4)  P=^. 

m 

This  system  is  not  closed  because  the  enthalpy  is  not  defined  and  depends 
on  the  considered  model.  In  general  it  can  be  expressed  as  the  sum  of  different 
contributions 

(1.5)  h{x)  =  hrix)  +  hi{x) 
where  hrix)  is  the  translational  enthalpy 

(1.6)  hrix)  =  —  ^sXs  = - 

'  '  '  '  f  ^  rrrk 


and  hi{x)  is  the  internal  enthalpy  which,  in  the  state-to-state  approach,  can  be 
expressed  as 


hi{x)  =  —  ^  Xs  Hfs  +  Y^  fsv£ 
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In  this  model,  the  concentration  of  each  quantum  level  is  considered  as  an  in¬ 
dependent  species,  therefore  a  separate  continuity  equation  for  each  level  should 
be  written  as 


(1.8) 


dpsv{x)u{x)A{x) 

dx 


or  in  terms  of  mass  fraction 


A{x)mshsv 


,  .  dcsv{x)u{x)A{x)  rris 

where  hsv  is  the  time  derivative  of  the  number  density  of  species  s  in  the  level  v. 

The  solution  of  such  a  system  for  the  nitrogen,  oxygen  and  air  kinetics  has 
been  discussed  else  were  [7,  8,  9]  in  the  absence  of  electron-molecule  collisions. 

Due  to  the  high  temperature  in  the  reservoir,  the  electron  density  is  high 
enough  to  make  the  following  processes  to  be  important  in  state-to-state  vibra¬ 
tional  kinetics  of  nitrogen  molecules: 


(1.10) 

N2{v)  +  e  ^  N2{w)  -{-  e 

(1.11) 

N2{v)  +  e  2iV  -h  e 

(1.12) 

N2{v)  +  e  ->  -f-  2e 

(1.13) 

N2{v)  -h  e  +  e 

(1.14) 

N2  4*  ^  ^  2A^  e 

(1.15) 

N2  +  e  — y  1^2  "b  2e. 

The  rate  coefficients  of  such  processes  are  calculated  integrating  the  cross 
section  over  the  energy  range  according  the  relation 

00 

(1-16)  Rp  =  J  v{£)ap{e)n(e)de 

0 

considering  the  cross  section  null  below  the  threshold  energy  e*  .  The  electron 
energy  distribution  n{e)  is  calculated  solving  the  Boltzmann  equation  for  electron 
kinetics  in  the  homogenious,  quasi-isothropic  approximation  [4,  5] 

dt^  ~  ^e-e)  +  Sin  +  Sgup^ 

The  source  terms  S  in  eq.(1.17)  depend  on  the  level  concentration  and  gas 
composition,  therefore  there  is  non-linear  coupling  between  fluid,  master  and 
Boltzmann  equations  (see  Fig.  1).  In  principle,  electrons  should  be  taken  in 
the  energy  continuity  equation,  but  it  is  not  trivial  to  evaluate  the  electric  field 
contribution.  It  is  also  possible  to  consider  the  electron  contribution  as  a  source 
term,  modifying  equation  (1.3)  as 
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(1.18) 


where  Qe  (heat  production  due  to  electron  collisions)  is  given  by 


(1.19)  Qe  “  Tig  A^SpRpXp 

p 

where  Xp  is  the  molar  fraction  of  the  molecule  in  the  particular  state  involved  in 
the  collision  p. 


+  molar  fraction 


Fig.  1.  Scheme  of  the  coupling  between 
Euler,  Boltzmann  and  master  equations. 


x(m) 

FIG.  2,  Longitudinal  section  of  the 
parabolic  nozzle,  with  a  simplified  version  of 
the  scheme  used  in  works  for  gas  discharges 
[11]  and  post  discharge  conditions  [12]. 


To  complete  the  kinetic  scheme  the  electron  loss/production  processes  and 
the  quenching  of  electronic  excited  states  of  molecule  [11,  12]  should  be  consid¬ 
ered.  The  physical  characteristics  of  the  nozzle  expansion  make  inefficient  the 
electron- ion  recombination  therefore  such  a  process  can  be  neglected.  The  same 
thing  cannot  be  be  said  for  the  electronically  excited  states,  even  if  for  sake 
of  simplicity  also  the  electronically  excited  state  kinetics  have  been  neglected, 
analyzing  the  effect  of  electronic  superelastic  collision  parametrically.  In  partic¬ 
ular  processes  (1.12-1.15)  are  considered  only  for  the  electron  kinetics  keeping 
constant  the  excited  states  fraction  and  the  ionization  degree  while  the  other 
processes  (e-V)  are  considered  for  the  coupling  between  the  two  kinetics. 


2.  Results  and  discussion 

The  model  described  above  has  been  applied  to  expanding  flows  through  a 
parabolic  nozzle  (see  Fig.  2).  Different  reservoir  conditions  have  been  con¬ 
sidered,  accounting  also  for  the  presence  of  the  electric  field,  the  reduced  field 
(E/N)  of  which  considered  as  a  parameter. 
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The  reservoir  pressure  is  about  1  atm.  The  reservoir  temperature  ranges 
in  the  interval  5000  -  8000  K:  in  such  conditions  the  nitrogen  passes  from  the 
predominance  of  molecules  (T  =  5000  K)  to  that  one  of  atoms  (T  =  8000  K). 
Ionization  degree  ranges  from  lO"*^  to  10“^  and  N2{A^)  level  concentration  from 
10“^  to  10“^.  The  bulk  of  results  have  been  obtained  without  including  an 
electrical  field  {E/N  =  0).  Some  cases  with  E/N  =  40  Td  have  been  also 
considered. 

The  contribution  of  electron-molecule  collisions  in  equation  (1.8)  is  propor¬ 
tional  to  the  ionization  degree  and  it  has  the  same  form  of  vT  processes  consid¬ 
ering  a  rate  coefficient  given  by  aeRp. 

We  have  studied  5  cases,  all  of  them  characterized  by  an  ionization  degree  ag  = 
10”2. 


a)  no  coupling  with  electron  kinetics  (b) 

b)  with  e-V,  N2{A^) / N2  =  10“^,  E/N  =  0,  no  e-e  collisions  (c) 

c)  with  e-V,  N2{A^)/N2  =  10-^  E/N  =  0,  e-e  collisions  (d) 

d)  with  e-V,  N2{A^)/N2  —  10“^,  E/N  =  0,  no  e-e  collisions  (g) 

e)  with  e-V,  iV2(^^)/iV2  =  10~^,  E/N  =  0,  e-e  collisions  (g) 

f)  with  e-V,  N2{A^)/N2  =  10"^,  E/N  =  40  Td,  e-e  collisions  (h) 

e-V  processes  refer  to  forward  and  reverse  processes  described  by  eq.(l.lO). 

To  explain  the  main  characteristics  of  the  flux  through  the  nozzle  we  have 
reported  in  Fig.  3  the  temperature  and  pressure  profiles:  moving  toward  the 


Fig.  3.  Temperature  and  Mach  number  profiles  (a)  and  pressure  profile  (b)  for  To  =  8000  K, 
with  a  simplified  version  of  the  scheme  used  in  works  for  gas  discharges  [11]  and  post 

discharge  conditions  [12]. 

exit,  the  expanding  gas  cools  down  while  its  speed  increases  and  the  pressure 
decreases.  The  characteristic  time  of  the  flow  after  the  throat  becomes  com¬ 
parable  with  the  vibrational  relaxation  time  and  therefore  the  energy  stored  in 
the  internal  degrees  of  freedom  is  trapped.  Under  these  conditions  vibrational 
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temperature  is  much  higher  than  translational  one  thus  promoving  the  so  called 
v-v  up  pumping  ending  in  the  formation  of  highly  non  equilibrium  vibrational 
distributions.  On  the  other  hand  recombination  of  atomic  nitrogen  is  favored  by 
cooling  resulting  in  the  formation  of  extended  tails  in  the  vibratioinal  distribu¬ 
tion. 

In  Fig.  4  we  have  reported  the  vibrational  distributions  calculated  without 
the  electron  kinetics  (case  a).  Different  behaviours  can  be  observed  for  low  and 
high  vibrational  quantum  number  distribution:  for  u  <  10  the  distribution  shows 
a  Boltzmann  trend,  cooling  as  the  gas  expands  after  the  throat,  for  >  20  the 
distribution  is  dominated  by  the  recombination  and  as  the  gas  expand,  lower  the 
temperature,  stronger  the  recombination  and  higher  the  distribution  tail. 


FIG.  4.  Vibrational  distributions  at 
different  nozzle  position  for  To  =  8000  K  in 
case  a,  with  a  simplified  version  of  the 
scheme  used  in  works  for  gas  discharges  [11] 
and  post  discharge  conditions  [12]. 


FIG.  5.  Vibrational  distributions  at  nozzle 
outlet  for  To  =  8000  K  in  different  cases  (the 
curve  label  refers  to  the  case  described  in 
the  text),  with  a  simplified  version  of  the 
scheme  used  in  works  for  gets  discharges  [11] 
and  post  discharge  conditions  [12]. 


When  the  electron-molecule  processes  are  considered  the  vibrational  distri¬ 
butions  are  weakly  modified  (see  Fig.  5),  due  to  the  dominance  of  vT  processes 
by  atom  collisions  and  the  electron  energy  distribution  functions  (eedf)  follow 
the  vibrational  ones  and  depend  on  the  considered  inelestic  and  superelastic 
processes  .  If  only  e-V  processes  are  considered  the  eedf’s  shows  strong  non 
equilibrium  properties  in  all  the  nozzle  positions  (Fig.  6).  The  small  peaks  be¬ 
tween  5  and  7  eV  are  due  to  second  kind  collisions  with  electronically  excited 
state  and  modulated  by  e-V  collisions.  Including  e-e  collisions  (Fig.  7),  all  these 
structures  disappear  and  the  distributions  become  maxwellian.  When  the  frac¬ 
tion  of  electronically  excited  states  is  equal  to  10"^  the  eedf’s  show  stronger  non 
equilibrium  effects  due  to  the  superelastic  electronic  collisions  (Fig.  8a).  In  this 
case  the  e-e  collisions  (see  Fig.  8b)  push  the  distribution  towards  a  maxwellian, 
but  the  non  equilibrium  structures  are  still  present. 

When  the  electric  field  is  turned  on  (case  f)  the  eedf’s  are  mainly  deter¬ 
mined  by  the  electric  field  (see  Fig.  9b)  and,  as  a  consequence,  the  part  of  the 
vibrational  distribution  interesting  the  low  lying  vibrational  levels  is  determined 


EEDF  O'/')  _  EEDF  (e/') 


electron  energy  (eV)  electron  energy  (eV) 


FIG.  8.  Electron  energy  distribution  functions  (EEDF)  at  different  nozzle  positions  for 
To  =  8000  K  in  case  d  (a)  and  in  case  e  (b),  with  a  simplified  version  of  the  scheme  used  in 
works  for  gas  discharges  [11]  and  post  discharge  conditions  [12]. 


by  e-V  collisions  while  the  tail  is  still  controlled  by  atom  recombination  (Fig. 
9a).  Let  us  now  consider  the  results  for  a  low  enthalpy  case  i.e.  for  a  lower 
temperature  of  the  reservoir.  In  this  case  we  should  expect  a  minor  role  of 
vibrational  degree  of  freedom  in  affecting  both  the  vibrational  distribution  and 
the  first  part  of  eedf.  On  the  contrary  the  presence  of  metastable  states  should 
be  emphasized  because  the  second  kind  collisions  involving  metastable  molecules 
find  an  higher  concentration  of  low  energy  electrons  compared  to  previous  case. 


VDF 
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Fig.  9.  Vibrational  (a)  and  electron  energy  (b)  distribution  functions  at  different  nozzle 
positions  for  To  =  8000  K  with  E/N  =^40  Td  (case  f),  with  a  simplified  version  of  the  scheme 
used  in  works  for  gas  discharges  [11]  and  post  discharge  conditions  [12]. 


FIG.  10.  Vibrational  distributions  at  different  nozzle  positions  for  To  =  5000  K  in  case  a,  with 
a  simplified  version  of  the  scheme  used  in  works  for  gas  discharges  [11]  and  post  discharge 

conditions  [12]. 

This  is  indeed  the  case  as  reported  in  Figs  10,  11  -  13ab.  In  particular  Fig. 
10  reports  the  vibrational  distribution  for  the  different  positions  in  the  nozzle 
without  considering  the  presence  of  free  electrons.  The  lower  temperature  of 
reservoir  is  such  to  decrease  the  dissociation  degree  so  that  the  tail  of  the  distri¬ 
bution  which  is  populated  by  the  recombination  process  is  much  lower  than  the 
previous  case  (compare  Fig.  10  with  Fig.  4).  At  the  same  time  the  Boltzmann 
character  of  the  distribution  extends  in  any  case  up  to  level  =  30  while  for 
To  =  8000  K  already  at  i?  =  5  we  can  see  non  equilibrium  effects  (still  compare 
Fig.  10  with  Fig.  4). 

Figure  lla-b  reports  both  the  vibrational  distributions  and  eedf  for  the  differ¬ 
ent  conditions  at  the  exit  of  the  nozzle  in  the  presence  of  free  electrons.  We  can 
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observe  that  the  presence  of  e-V  processes  spread  the  different  vibrational  distri¬ 
butions  even  though  the  effects  are  observable  for  concentrations  of  vibrational 
states  less  or  equal  to  10“^.  The  presence  of  metastable  states  considerably  af¬ 
fects  eedf  creating  self-repeating  structures  due  to  second  kind  collisions.  These 
structures  disappear  in  the  presence  of  electron-electron  collisions  which  tend  to 
maxwellize  eedf. 


FIG.  11.  Vibrational  (a)  and  electron  energy  (b)  distributions  at  nozzle  outlet  for  To  =  5000 
K  in  different  cases  (the  curve  label  refer  to  the  case  described  in  the  text),  with  a  simplified 
version  of  the  scheme  used  in  works  for  gas  discharges  [11]  and  post  disch^ge  conditions  [12]. 


Fig.  12.  Vibrational  (a)  and  electron  energy  (b)  distributions  at  different  nozzle  positions  for 
To  =  5000  K  in  case  d,  with  a  simplified  version  of  the  scheme  used  in  works  for  gas 
discharges  [11]  and  post  discharge  conditions  [12]. 


Details  for  the  cases  d  and  e  are  respectively  reported  in  figures  12a-b  and  13a- 
b.  In  these  cases  the  structures  are  well  evident  and  the  presence  of  an  electric 
field  reduces  their  magnitude  being  however  unable  to  completely  destroy  them. 
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FIG.  13,  Vibrational  (a)  and  electron  energy  (b)  distributions  at  different  nozzle  position  for 
To  =  5000  K  in  case  e,  with  a  simplified  version  of  the  scheme  used  in  works  for  gas  discharges 

[11]  and  post  discharge  conditions  [12]. 


3.  Conclusions 

In  this  paper  we  have  reported  for  the  first  time  to  our  knowledge  a  complete 
kinetic  scheme  which  couples  fluid  dynamics,  state  to  state  vibrational  kinetics 
and  Boltzmann  equation  for  the  electron  energy  distribution  function.  This 
model  is  used  for  characterizing  high  enthalpy  flows  through  nozzle  expansion. 

The  model  is  selfconsistent  for  the  vibrational  degree  of  freedom  taking  into 
account  the  presence  of  metastable  states  and  of  electrons  in  parametric  form. 

The  results  show  highly  structured  vibrational  and  electron  energy  distribu¬ 
tion  functions  along  the  x-axis  of  the  nozzle. 

Improvement  of  the  present  results  can  be  achieved  in  the  future  by  elimi¬ 
nating  the  numerous  assumptions  made  in  the  present  work  on  metastable  and 
ionization  kinetics  as  well  as  on  the  parametric  assumption  of  the  electric  field. 

Dedicated  experiments  for  the  different  distributions  should  be  developped  to 
experimentaly  characterize  this  reaction  room  in  view  of  the  possible  application 
in  material  and  space  technologies. 
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THE  INVERSE  FARADAY  EFFECT  IN  PLASMAS  AND  ITS  POSSIBLE 

APPLICATIONS 

S.  ELIEZER  1 


PLASMA  PHYSICS  DEPARTMENT  SOREQ  NRC 
Yavne  81800,  Israel 


Circular  polarized  laser  light  can  produce  very  high  and  controllable  magnetic  fields  in  plasmas 
due  to  the  inverse  Faraday  effect.  This  magnetic  field  combined  with  the  naturally  occurring 
toroidal  fields  gives  a  spheromak  like  magnetic  bottle.  The  inertial  confinement  in  this  scheme 
is  supported  by  the  magnetic  forces.  The  Lawson  criterion  for  a  DT  plasma  might  be  achieved 
for  a  plasma  density  of  5  •  10^^  cm“^  and  confinement  during  20  ns.  In  order  to  increase  the 
plasma  density  and  temperature  a  Z  pinch  cumulation  process  is  suggested. 


1.  Introduction 


The  generation  of  very  large  magnetic  fields  in  laser  produced  plasmas  is  well 
known  for  the  last  thirty  years  [1].  Magnetic  fields  of  the  order  of  megagauss  have 
been  routinely  observed.  The  mechanism  proposed  to  explain  the  generation  of 
these  magnetic  fields  usually  are  based  on  the  crossed  electron  temperature  and 
density  gradients  which  produce  a  field  in  the  Vng  x  VTg  direction.  For  other 
possible  models  see  Haines  [2].  In  an  axially  symmetric  plasma  system,  the 
magnetic  field  is  in  the  toroidal  direction,  that  is  perpendicular  to  the  laser 
irradiation.  To  a  good  approximation  the  toroidal  field  is  given  by 


where  Tq  is  the  electron  temperature,  Lj-  is  the  transverse  density  scale  length, 
i.e.  of  the  order  of  the  laser  irradiation  radius,  A  is  the  mass  number  and  Z  is 
the  degree  of  ionization  of  the  plasma  material.  For  a  fully  ionized  aluminum 
target,  a  laser  spot  of  about  100  jim  (radius)  and  an  electron  temperature  of 
1  keV,  the  toroidal  magnetic  field  is  about  0.4  MGs.  Higher  magnetic  fields  were 
attained  with  a  smaller  radial  laser  spot. 

^The  work  presented  in  this  paper  was  done  in  collaboration  with:  Y.  Paiss,  Z.  Henis, 
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5.  Eliezer 


In  this  paper  the  production  of  magnetic  fields  in  laser  produced  plasmas  by  a 
different  and  more  fundamental  technique  is  presented.  This  phenomena,  which 
is  based  on  the  Inverse  Faraday  effect  (IFE),  is  induced  by  circularly  polarized 
laser  light  (CPLL).  The  magnetic  field  arises  in  the  plasma  because  electrons 
quiver  with  the  oscillating  electric  field  of  the  incoming  laser  light  and  if  the 
laser  is  circularly  polarized,  then  the  electrons  will  describe  a  circular  motion. 
The  ”net”  effect  of  this  is  a  circular  current  on  the  edge  of  the  plasma,  which 
generates  the  magnetic  field  [3]. 

The  inverse  Faraday  effect  was  treated  theoretically  by  different  models,  in¬ 
volving  the  solution  of  the  Maxwell  equation  for  light  propagating  in  plasma,  at 
various  levels  of  approximation. 

The  dispersion  relation  of  a  circularly  polarized  wave  was  obtained  from 
the  magnetic  dipoles  related  to  the  circular  motion  of  single  electrons  [4].  The 
axial  magnetic  field  induced  by  CPLL  was  estimated  using  a  classical  single 
plasma  model  [3].  Recently  the  magnetic  field  generation  was  calculated  in  a 
self-consistent  way,  considering  two  sources.  One  source  is  related  to  the  circular 
motion  of  single  electrons  in  the  wave,  which  is  equivalent  to  a  magnetic  dipole. 
The  second  source  is  related  with  the  inhomogeneity  of  both  the  electron  density 
and  the  intensity  of  the  laser  beam.  The  calculations  show  that  the  magnetic 
field  is  proportional  to  the  laser  irradiance  [3,  4,  5]: 


(1.2) 


(1.3) 


Be  [Gauss]  = 


mao 

e 


1.07  ♦  10^ 

Xl  (/im)  ‘ 


E^  =  A7rh/c  is  the  electric  field  of  the  laser,  /l  is  the  laser  peak  intensity,  to  is  the 
laser  frequency,  m  and  e  are  the  electron  mass  and  charge,  c  is  the  light  velocity. 
La  and  Ln  describe  the  laser  and  the  plasma  profiles:  E{r)  =  Eq  exp(— r^/L^), 

n(r)  =  no  exp(— r^/L^),  tOp  =  (47rnoe^/m)^^^  is  the  classical  plasma  frequency 
at  the  center  of  the  plasma  distribution. 

The  effect  describe  above  is  called  the  linear  inverse  Faraday  effect.  The 
order  of  magnitude  of  this  magnetic  field  in  the  Z  direction,  i.e.  in  the  direction 
of  the  CPLL  irradiance,  is  given  by 


(1.4) 


-  3.0  •  10^  (Gauss) 


_ iL _ ^ 

1014  W/cmV 
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where  ric  is  the  electron  plasma  critical  density,  and  B^  is  the  axial  magnetic 
field  due  to  the  linear  (L)  IFE. 

An  additional  mechanism  for  the  axial  magnetic  field  generation  is  by  the 
ponderomotive  force  [6]  coupled  with  the  irradiance  of  CPLL.  This  effect  is  called 
the  nonlinear  inverse  Faraday  effect.  The  ponderomotive  force  resulting  from  the 
inhomogeneity  of  the  laser  is  the  low  frequency  part  of  the  Lorentz  force  and  is 
proportional  to  grad  (EJ^)  in  the  classical  regime  and  to  grad  (7)  in  the  relativis¬ 
tic  regime.  E  is  the  electric  field  of  the  laser  and  7  =  fl  -f  (eEo/mtJc)^)^^^.  The 
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axial  magnetic  field  induced  by  the  ponderomotive  force  is  obtained  by  calcu¬ 
lating  the  low  frequency  component  of  the  magnetic  field,  using  the  continuity 
equation  of  a  cold  plasma,  the  relativistic  equation  of  motion  and  the  Maxwell 
equations.  In  the  case  of  a  circularly  polarized  laser  this  magnetic  field  is  given 
by: 

(1.5)  |-  =  (7(0)-7(r))'/"^ 

J=>C  ^ 

7(0)  and  C(;p(0)  are  the  value  of  7  and  the  plasma  frequency  at  the  center  of  the 
beam.  In  the  non-relativist ic  limit  this  model  gives  for  Ln^  La' 


The  magnitude  of  the  nonlinear  (NL)  axial  magnetic  field  is  thus  given  for  a 
non-relativistic  plasma  by 

(1.7)  ^-.6.5.10MGauss)(-)  • 

The  inverse  Faraday  effect  was  also  studied  experimentally.  Axial  magnetic  fields 
of  the  order  of  10“^  Gauss  were  detected  in  non  absorbing  materials  (glasses)  at 
low  laser  irradiance  of  10^  W/cm^  [7].  An  inverse  Faraday  effect  of  (2  •  Gs 
was  also  measured  in  a  low-density  plasma  3  ■  10^  cm“^)  subjected  to  MW 
pulses  of  circularly  polarized  microwaves  [8]. 

In  section  2  the  measurements  of  the  optical  IFE  produced  by  CPLL  are 
described  in  the  range  of  10^  —  10^^  W/cra?  of  laser  irradiances. 

The  IFE  generated  magnetic  field  is  much  more  readily  controllable  than  the 
’’hydrodynamic”  and  ’’thermo”  magnetic  fields.  The  IFE  fields  are  switched  on 
and  off  over  the  laser  pulse  duration  by  simply  irradiating  or  not  with  a  CPLL, 
therefore  this  magnetic  field  may  be  induced  even  with  femtosecond  laser  pulses. 

In  sections  3  and  4  possible  applications  of  the  induced  IFE  magnetic  field 
are  suggested.  In  section  3  the  possibility  of  creating  a  mini  spheromak-like 
magnetic  field  configuration  in  a  laser  produced  plasma  is  described,  while  in 
section  4  a  cumulation  phenomena  related  to  a  Z  pinch  device  is  proposed.  The 
paper  is  concluded  with  a  short  conclusion  in  section  5. 


2.  Experimental  evidence  of  the  IFE  in  laser-plasma  interaction 

Two  diagnostic  methods  were  used  to  measure  the  axial  magnetic  field  generated 
by  the  interaction  of  a  circularly  polarized  laser  light  with  a  solid  target.  At  low 
irradiances  (10^  —  10^^  W/cm^)  the  axial  magnetic  field  induced  by  the  CPLL 
was  measured  from  the  voltage  signal  induced  by  the  magnetic  field  in  an  output 
coil,  and  at  high  irradiances  (up  to  2-10^^  W/cm^)  was  measured  by  the  Faraday 
effect. 

The  main  laser  system  is  based  on  a  Continuum  NY-60  Nd:  YAG  oscillator 
followed  by  one  triple  passed  and  one  double  passed  amplifiers.  The  laser  pulse 
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duration  was  7  ns  and  the  spot  diameter  was  in  the  range  100-200  /im.  The  laser 
energy  was  up  to  100  J,  For  the  low  laser  irradiance  the  target  was  a  ring  made 
of  ferrite,  with  a  350  /xm  air  gap  and  a  500  /im  diameter  hole  drilled  through 
the  ferrite  into  the  gap.  The  laser  was  irradiated  through  the  hole  and  created  a 
plasma  by  ablating  the  ferrite  on  the  other  side  of  the  air  gap.  A  CPLL  induced 
toroidal  current  was  created  in  the  plasma  which  generated  an  axial  magnetic 
field  associated  with  an  appropriate  magnetic  flux.  Due  to  the  high  permeability 
of  the  ferrite,  this  flux  penetrated  into  the  ferrite  and  the  magnetic  field  lines 
closed  through  the  ring.  The  time  derivative  of  this  magnetic  flux  induced  a 
voltage  signal  in  the  output  coil,  which  was  measured  by  a  GHz  oscilloscope. 

The  calibration  was  done  with  a  fast  pulse  generator,  delivering  rectangular 
pulses,  10  ns  duration  with  a  rise  time  of  1  ns.  In  the  calibration  experiment  the 
pulse  generator  was  connected  to  the  ferrite  ring  through  an  input  coil  similar 
to  the  output  used  in  the  laser  experiments.  The  magnetic  field  generated  in 
the  input  coil  is  given  by  B  ~  dt,  B  is  the  magnetic  field,  Ec  is  the 

voltage  on  the  coil,  N  is  the  number  of  the  coil  loops,  S  is  the  cross  area  of  the 
ferrite  ring  and  is  the  rise  time  of  the  pulse  generator.  A  calibration  curve 
is  obtained  by  measuring  the  voltage  of  the  output  signal  as  a  function  of  the 
magnetic  field. 

At  low  intensity  the  ferrite  target  was  irradiated  only  by  the  oscillator  (with¬ 
out  the  amplifiers),  operating  at  10  Hz  and  the  output  signal  is  an  average  of 
10"^  shots.  The  focal  spot  diameter  was  200  fim.  The  magnetic  field  measured 
in  this  experiment  was  (455  ±  220)  Gs. 

A  characteristic  feature  of  the  inverse  Faraday  effect  is  the  change  in  voltage 
when  a  right  handed  CPLL  is  changed  to  a  left  handed  CPLL.  This  feature  is 
seen  in  the  experiments  where  the  voltage  signal  changes  sign  when  the  polarity 
of  the  CPLL  changes  from  right  to  left.  Similar  results  were  observed  at  higher 
intensities,  up  to  10^^  W/cm^.  At  higher  peak  intensities,  for  the  geometry  of 
the  experiment  and  assuming  a  spatial  Gaussian  profile  of  the  beam,  a  plasma  is 
created  through  ablation  of  the  walls  of  the  hole  in  the  ferrite,  causing  a  drastic 
reduction  of  the  magnetic  flux  that  penetrates  in  to  the  ferrite. 

At  higher  irradiances  the  axial  magnetic  field  was  measured  using  the  Fara¬ 
day  rotation  diagnostic.  This  method  is  based  on  the  rotation  of  the  plane  of 
polarization  of  a  double  frequency  (2u;)  linear  polarized  probe  laser  beam  in  the 
presence  of  a  magnetic  field.  The  angle  of  rotation  is  given  by: 


(2.1) 


0  (deg)  =  3.02  •  ■  [‘ 

JQ 


ne{cm  ^)B{MG)dz{iJ.m) 


1021^1 


Ucp 


z  is  the  distance  along  the  ray  path,  L  is  the  plasma  length,  B  is  the  magnetic 
field  component  along  the  path,  Ap  is  the  wavelength  of  the  probe  beam,  rig  is 
the  density  of  the  plasma,  and  ncp  is  the  critical  density  for  the  probe  beam. 

The  main  laser  beam,  7  ns,  1.06  fim  and  intensities  in  the  range  10^^  - 
10^^  W/cm^  irradiates  an  aluminum  target.  In  the  irradiance  range  of  5  •  10^^ 
-  3.5 '  W/cm^  the  laser  focal  spot  (diameter)  was  100  /im  and  the  laser 
energy  was  changed  between  30  J  to  about  80  J.  For  lower  irradiances  (2  •  10^^ 
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-  5  •  10^^  W/cm^)  the  focal  spot  diameter  was  200  /um.  These  spot  dimensions 
were  consistent  with  plasma  scale  lengths  as  measured  with  an  x-ray  pinhole 
•camera.  The  2oj  probe  beam,  5  ns,  5  mJ,  propagates  into  the  plasma  collinearly 
with  the  main  beam,  reflects  from  the  critical  surfaces  and  then  is  directed  into 
an  analyzer  system,  including  two  photodiodes,  a  A/2  plate,  a  beam  splitter  and 
a  high  contrast  polarizer.  The  angle  of  rotation  of  the  polarization  of  the  probe 
beam,  after  propagating  through  the  plasma,  is  determined  by  the  ratio  of  the 
signals  of  the  two  photodiodes  and  a  calibration  curve  of  the  analyzer. 

The  calibration  of  the  analyzer  was  done  by  reflecting  the  probe  beam  from 
a  perfect  mirror,  located  at  the  place  of  the  target.  A  calibration  curve  was 
obtained  by  rotating  the  polarizer  and  measuring  the  ratio  of  the  signal  of  the  two 
photodiodes  as  a  function  of  the  rotation  angle  of  the  polarizer.  The  calibration 
curve  had  a  shape  of  parabola  with  a  very  distinct  minimum.  The  minimum 
angle  that  can  be  measured  with  this  analyzer  systems  is  with  an  error  of 
10%.  In  the  experiments  the  polarizer  was  aligned  at  an  angle  corresponding  to 
the  minimum  of  the  calibration  curve.  The  plasma  length  was  measured  by  a 
pinhole  camera.  The  magnetic  field  was  obtained  by  unfolding  the  integral  (2.1) 
assuming  a  linear  density  profile. 

The  experiments  were  performed  for  both  circularly  and  linearly  polarized 
light.  In  the  range  of  intensities  10^^  -  5  •  10^^  W/cm^  the  plane  of  polarization 
of  the  probe  beam  did  not  rotate  in  the  experiments  performed  with  linearly 
polarized  laser  light  (LPLL).  The  scaling  law  of  the  measured  axial  magnetic 
field  B  from  the  experiments  performed  with  circularly  polarized  laser,  the  in¬ 
verse  Faraday  effect,  in  the  above  range  of  intensities,  is  B  as  shown 

below  in  Fig.  1.  At  higher  intensities  of  the  order  of  3  •  10^^  W/cm^  a  sudden 
increase  of  the  axial  magnetic  field  beyond  the  above  scaling  law  is  observed  in 
the  experiments  performed  with  CPLL.  At  these  high  irradiance  an  axial  mag¬ 
netic  field  was  observed  also  in  experiments  performed  with  linearly  polarized 
light.  This  axial  magnetic  field  in  the  experiments  with  LPLL  was  lower  by  30% 
than  the  axial  magnetic  field  in  the  experiments  performed  with  CPLL.  Axial 
magnetic  fields  created  in  targets  irradiated  by  LPLL  may  be  excited  by  other 
mechanisms,  such  as  the  dynamo  effect  [9,  10]  or  due  to  rippled  surface  irregu¬ 
larities  [11].  These  mechanisms  are  excited  at  large  magnetic  Reynolds  numbers, 

=  20  intensity  in  units  of  10^^  W/cm^, 

Xi  is  the  wavelength  in  /im,  tl  is  the  pulse  duration  in  picoseconds,  Z  is  the 
charge  and  A  is  the  atomic  number.  For  example,  for  an  aluminum  plasma  with 
Z  =  10  and  a  laser  pulse  with  II  =  10^^  W/cm^,  Ajr,  =  1  /im,  one  gets  Rm  of 
about  14000. 

The  measured  axial  magnetic  field  [12, 13]  as  a  function  of  the  laser  irradiance 
varying  in  a  range  of  five  orders  of  magnitude,  measured  with  the  two  diagnostic 
methods  describe  here,  is  plotted  in  Fig.  1.  The  lines  plotted  in  this  figure  cor¬ 
respond  to  theoretical  models  explained  in  section  1.  One  can  see  the  increase 
of  the  magnetic  field  with  the  laser  irradiance.  The  lower  line  in  Fig.  1  displays 
the  axial  magnetic  field  as  function  of  the  laser  intensity  calculated  by  the  linear 
inverse  Faraday  effect,  assuming  an  electron  density  no  =  10^^  cm”^.  The  three 
upper  lines  are  calculations  of  the  magnetic  field  using  the  nonlinear  inverse 
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Faraday  effect,  at  electron  densities  of  10^^,  10^®,  and  10^^  cm“^.  The  experi¬ 
mental  results  for  laser  intensities  in  the  range  10^  -  3  •  10^^  W/cm^  fit  well  with 
the  ponderomotive  model  calculated  with  an  electron  density  of  10^^  cm“^.  At 
w/cm^  an  increase  in  the  magnetic  field  above  2  MGs  seems  to  be  present 
and  it  seems  that  neither  the  ponderomotive  model  nor  the  linear  inverse  Faraday 
effect  can  explain  our  experimental  data. 


Laser  Intensity  [W/cm-^2] 


FIG.  1.  The  measured  axial  magnetic  field  as  a  function  of  the  laser  irradiance,  the  axial 
magnetic  field  calculated  by  the  linear  model  with  an  electron  density,  no  =  10^^  cm”^, 
the  axial  magnetic  field  calculated  by  the  non  linear  model  with  an  electron  density, 
no  =  10^^  cm“^,  no  =  10^°  cm“®  and  no  =  10^®  cm“^. 


3.  A  miniature  magnetic  bottle 

In  this  section  a  new  hybrid  concept  which  involves  both  magnetic  and  inertial 
confinement  is  presented.  A  miniature  ’’magnetic  bottle”  (see  Fig.  2),  induced 
by  high  power  circularly  polarized  light  is  suggested  [3,  14,  15]. 

The  possibility  of  creating  a  tokamak-like  magnetic  field  configuration  in  a 
laser-produced  plasma  is  also  relevant  for  confining  [3,  16]  intermediate  densi¬ 
ties  (about  10^^  cm~^)  for  times  about  100  ns  in  order  to  satisfy  the  Lawson 
criterion.  Such  an  approach  circumvents  many  of  the  complexities  of  inertial 
confinement  fusion  where  very  symmetric  implosions  using  many  laser  beams 
are  required.  This  intermediate  fusion  regime  may  also  overcome  the  extremely 
large  requirements  on  a  tokamak  device. 

The  concept  of  hot  plasma  confinement  in  a  miniature  magnetic  bottle  con¬ 
sidered  here  relies  on  the  hybrid  use  of  inertial  and  magnetic  confinements  and 


The  inverse  Faraday  effect  in  plasmas  and  its  possible  applications 


221 


FIG.  2.  A  schematic  miniature  magnetic  bottle. 


megagauss  field  generation  by  CPLL.  The  schematic  structure  of  the  suggested 
configuration  is  as  follows:  a  DT  plasma  is  created  inside  a  cylindrical  or  a 
spherical  heavy  conductor  (or  superconductor)  shell  with  a  hole.  The  plasma 
is  irradiated  by  an  intense  circularly  polarized  laser  beam.  The  CPLL  creates 
a  toroidal  current  in  the  plasma  due  to  the  finite  size  of  the  laser  spot  and 
density  gradient  in  the  plasma.  The  toroidal  current  in  the  plasma  induces  an 
axial  magnetic  field  inside  and  outside  the  plasma  and  also  induces  a  toroidal 
current  in  the  wails  in  the  opposite  direction  in  order  to  reduce  magnetic  field 
penetration  into  the  wall.  This  combination  creates  a  magnetic  field  in  the  laser 
propagation  direction  near  the  center  of  the  plasma  and  a  magnetic  field  in  the 
opposite  direction  near  the  wall.  These  magnetic  fields  are  created  in  addition 
to  the  toroidal  magnetic  field  formed  by  the  Vng  x  VTg  mechanism.  Both  the 
cixial  and  the  toroidal  magnetic  fields  can  be  of  the  order  of  megagauss  for  typ¬ 
ical  parameters  of  laser  fusion.  The  plasma  is  heated  resonantly  by  the  CPLL 
from  a  temperature  of  ~  1  keV  to  ^  5  keV  during  a  time  of  a  few  nanoseconds. 
The  process  of  magnetic  field  formation  and  plasma  heating  by  CPLL  lasts  for 
a  few  nanoseconds,  until  the  laser  is  turned  off.  After  the  laser  is  turned  off,  the 
plasma  and  the  magnetic  field  are  not  in  a  steady  state,  and  they  go  through  a 
dynamic  process  of  evolution.  The  plasma  expands  and  exerts  pressure  on  the 
walls.  The  magnetic  field  lines  expand  and  diffuse  both  into  the  walls  and  inside 
the  plasma.  Also,  heat  diffuses  from  the  plasma  to  the  walls. 

There  are  three  time  scales  describing  the  plasma  confinement  in  this  scheme: 
the  magnetic  diffusion  time,  tb]  the  heat  diffusion  time  th  [15];  and  the  inertial 
confinement  time,  r/i.r/j,  is  the  hydrodynamic  confinement  time  and  therefore 
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determines  the  time  scale  in  the  change  of  the  plasma  density.  The  hot  plasma 
applies  a  mechanical  force  on  the  wall  of  the  vessel.  This  mechanism  is  equivalent 
to  a  (plasma)  piston  impinging  on  the  wall  and  creating  a  shock  wave  through 
the  wall.  Therefore,  assuming  that  the  wall  is  thick,  the  inertial  confinement 
time  is  determined  by  the  piston  velocity  and  the  dense  plasma  radius  (and  not 
the  thickness  of  the  wall).  During  the  expansion  of  the  ’’piston”,  the  plasma 
density  decreases.  It  turns  out  that  the  value  of  is  the  most  limiting  time 
scale.  For  the  parameters  under  consideration  we  get  [15] 

tb  >  th  >  Tfi  ^  30  ns. 

The  Lawson  criterion  may  be  fulfilled  for  3cj  CPLL  created  plasma  with  a  density 
of  5  •  10^^  cm“^  and  a  confinement  time  of  20  ns. 

4.  An  axial  energy  cumulation  phenomenon 

An  alternative  approach  to  thermonuclear  fusion,  that  uses  the  elements  of  both 
the  magnetic  confinement  fusion  (MCF)  and  the  inertial  confinement  fusion 
(IGF),  was  sought  for  many  years  and  was  already  proposed  by  Sakharov  in 
the  former  Soviet  Union  in  the  40‘s.  He  considered  creating  a  high  temperature 
DT  plasma  in  a  strong  magnetic  field  so  that  the  charged  ions  and  electrons  were 
’’stuck”  to  magnetic  field  lines,  as  in  a  tokamak.  The  hot  magnetized  plasma 
would  then  be  imploded  by  an  external  force  as  in  the  (IGF)  scheme.  The  im¬ 
plosion  would  heat  and  compress  the  relatively  dense  plasma  and  the  strong 
magnetic  field  would  help  capture  the  energetic  a  particles  produced  during  the 
fusion  events.  Since  Sakharovas  idea  many  examples  can  be  found  in  the  magnetic 
fusion  literature  showing  that  fusion  reactions  can  be  created  in  smaller-sized 
systems  if  one  admits  larger  magnetic  field,  higher  plasma  density,  and  pulsed 
operation  as  with  imploding  liners  [17,  18,  19,  20,  21].  The  most  interesting 
regime  of  density  is  n  10^®  cm~^,  which  is  high  compared  with  MGF,  but  low 
compared  to  IGF.  This  density  regime  at  10  keV  temperature  corresponds  to 
megabars  of  pressure,  which  is  intrinsically  pulsed  in  nature.  This  intermediate 
density  regime  is  called  Magnetized  Target  Fusion  (MTF).  The  name  is  chosen 
based  on  two  general  characteristics:  1)  as  with  IGF,  PdV  work  heats  the  fuel 
by  compressing  it  inside  an  imploding  wall,  or  pusher,  and  2)  magnetic  field  is 
embedded  in  the  fuel  to  insulate  it  from  the  pusher. 

An  example  of  the  above  approach  is  the  magnetically-driven  imploding  liner 
method  for  MTF.  In  the  liner  approach  the  fuel  with  an  embedded  magnetic  field 
would  be  preheated  and  positioned  inside  a  volume  of  centimeter  dimensions, 
which  is  surrounded  by  a  thin  metal  shell  (or  liner)  that  will  act  as  the  pusher. 
A  current  introduced  on  the  outer  surface  of  the  liner  would  cause  it  to  implode 
by  self-pinching  magnetic  forces  at  a  velocity  of  ~  10®  cm/s.  At  peak  compression 
a  significant  fraction  of  the  liner  kinetic  energy  would  be  converted  to  thermal 
energy  of  the  fuel  and  the  final  fuel  density  and  temperature  would  be  designed 
to  give  significant  fusion  energy  generation. 

Let  us  consider  a  thin  cylindrical  shell  coaxially  positioned  with  a  filament 
of  radius  a  (see  Fig.  3).  The  configuration  is  assumed  to  have  a  cylindrical 
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FIG,  3.  A  schematic  Z-pinch  energy  cumulation  device. 


symmetry.  A  high  current  through  the  shell  is  accelerating  the  shell  inward 
towards  the  filament.  The  filament  is  a  porous  material  with  a  density  of  the 
order  of  the  plasma  critical  density  (i.e.  the  number  of  electrons  per  cm^  is 
where  is  the  laser  wavelength  in  microns).  The  CPLL  is  absorbed 
along  the  filament  and  by  the  inverse  Faraday  effect  a  magnetic  field  between 
the  filament  and  the  shell  is  produced.  The  current  generated  by  the  CPLL 
will  also  produce  a  magnetic  field  (with  an  opposite  sign  to  that  between  the 
shell  and  the  filament)  inside  the  filament,  so  that  the  net  flux  is  zero.  For 
a  filament  of  radius  a  and  a  shell  of  radius  r,  the  flux  conservation  requires 
=  Bz{out){r'^  -  a^),  where  ”in”  and  ’’out”  refer  to  inside  and  outside 
the  filament  accordingly.  In  this  case,  only  the  ’’collision”  between  the  shell  and 
the  filament  is  considered.  Due  to  the  short  pulse  duration  of  the  lasers  under 
consideration  (nanoseconds  or  much  shorter),  the  CPLL  is  applied  during  the 
period  that  r  -  a  a,  so  that  Bz{in)  <  (out).  Using  the  ’’CPLL  scenario”, 
the  laser  duration  time  scale  is  much  less  than  the  timescale  of  the  magnetic 
diffusion  (into  the  filament).  The  diffusion  time  tb  of  the  magnetic  field  to  a 
distance  Ib  is  given  by 


(4.1) 


4:7ral% 


rB 


where  a  is  the  electrical  conductivity  and  c  is  the  speed  of  light.  Using  Spitzer‘s 
conductivity 

.  .  (  -1\  8.70- 

(^■2)  ■’(“  )=  Zi„-A-  {^) 


Z  is  the  plasma  degree  of  ionization  and  In  A  =  10  for  our  parameters  of  interest. 
Eqs.  (4.1)  and  (4.2)  yield 


(4.3) 


tb(s)  w  3.84  •  10“® 


i.e.  for  a  1  keV  hydrogen  plasma  the  magnetic  field  diffuses  into  10  jum  of  filament 
during  about  4  ns.  In  this  case  the  above  approximation  is  appropriate  for  laser 
pulse  duration  of  about  4  ns  or  less. 


224 


5.  Eliezer 


Assuming  a  magnetic  conservation  between  the  shell  and  the  filament  the 
equation  of  motion  for  the  shell  and  the  filament  are  [22] 


(4.4) 


(4.5) 
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r  and  a  are  the  shell  and  the  filament  radius  accordingly,  vq  and  aq  a.i’e  their  initial 
values  when  the  CPLL  is  switched  on  and  and  Mj  are  their  appropriate  mass 
per  unit  length.  Is  is  the  value  of  the  maximum  current,  assumed  to  be  constant 
during  the  last  stages  of  the  shell  collision  with  the  filament,  i.e.  during  the 
time  that  the  laser  is  applied.  is  the  initial  magnetic  field  applied  between 
the  shell  and  the  filament  due  to  the  inverse  Faraday  eff'ect.  Tq  is  the  initial 
temperature  of  the  filament  and  Z  is  the  ionization  and  Aj  is  the  atomic  mass 
number,  rrip  is  the  proton  mass  and  Kb  is  Boltzmann^s  constant.  Eqs.  (4.4) 
and  (4.5)  are  given  in  cgs  units  except  Ig  which  is  in  Ampers. 

The  equations  of  motion  to  be  solved,  Eqs.  (4.4)  and  (4.5),  can  be  derived 
from  a  potential  U(r,a)  given  by 


(4.6)  i7(r,a)  =  Aln-  + - 
ro  2 


(a2_^2)-(r2-,2) 
(^2  _ 


+  c 

J 

\  a  J 

with  the  usual  equations  of  motion: 


(4.8) 


dr 


m 

da  * 


An  analysis  of  the  potential  as  a  function  of  a  for  r  as  a  parameter  shows  a 
minimum  in  the  potential  for  small  enough  r.  The  problem  under  consideration 
is  equivalent  to  an  elastic  collision  of  two  point  like  particles  where  there  is  a 
reflecting  wall  at  a  =  0. 

Preliminary  simulations  of  this  cumulation  process  [23]  suggest  that  fusion 
conditions  might  be  achieved  by  assuming  a  stable  Z  pinch  process. 


5.  Conclusions 

The  two  main  approaches  that  are  currently  being  pursued  in  controlled  ther¬ 
monuclear  fusion,  Inertial  Confinement  Fusion  (ICF)  and  Magnetic  Confinement 
Fusion  (MCF)  differ  by  twelve  orders  of  magnitude  in  plasma  density  and  con¬ 
finement  time.  Two  new  schemes,  the  mini  magnetic  bottle  and  the  cumulation 
Z  pinch  device,  are  presented  here.  In  these  devices  the  plasma  density  is  in  an 
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intermediate  range  10^^  -  cm“^.  The  concept  suggested  here  relies  on  the 

hybrid  use  of  inertial  and  magnetic  (Confinements  and  megagauss  field  generation 
by  circularly  polarized  laser  light. 

Experiments  and  calculations  were  performed  to  study  the  feasibility  of  the 
above  scheme.  Measurements  of  the  inverse  Faraday  effect  over  5  orders  of  mag¬ 
nitude  of  the  laser  irradiance  are  reported.  The  scaling  law  of  the  axial  magnetic 
field  with  the  laser  irradiance  is  determined  in  the  range  of  10^  —  W/cm^. 
Axial  fields  from  500  Gs  up  to  2.17  MGs  were  measured. 

Zero  dimension  (i.e.  time  dependent)  calculations  show  very  optimistic  re¬ 
sults  for  fusion.  Future  studies  will  be  aimed  to  perform  simulations  of  the 
plasma  evolution  and  of  the  energy  gain  in  the  above  configurations. 
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The  conditions  under  which  similarity  and  scaling  laws  exist  are  investigated.  A  quantitative 
analysis  of  the  on-set  of  arc  instability  is  given  and  the  destabilizing  mechanisms  are  identified. 
The  existence  of  shock  in  some  axe  devices  seriously  disturbs  the  flow  although  the  electric 
characteristics  of  the  arc  are  little  affected.  Finally,  computer  simulation  results  of  the  operation 
of  a  complex  industrial  device,  a  high  voltage  auto-expansion  circuit  breaker,  are  given. 


1.  Introduction 

Electrical  arcs  burning  in  an  axially  accelerating  gas  flow  are  used  in  many  en¬ 
gineering  applications,  such  as  gas-blast  circuit  breakers,  arc  heaters,  welding 
and  material  cutting,  material  processing,  and  arc  plasma  spraying  systems  [1]. 
These  arcs  are  collision  dominated,  and,  under  most  operational  conditions,  local 
thermal  equilibrium  (LTE)  can  be  assumed.  Thus,  the  behaviour  of  the  arc  col¬ 
umn  can  be  described  by  Navier-Stokes  equations  and  the  appropriate  Maxwell’s 
equations.  The  momentum  equation  is  modified  to  take  account  of  the  Lorentz 
force  and  the  energy  equation  of  Ohmic  heating  and  radiation  transport.  Arcs 
in  gas  flow  can  attain  very  high  velocity  and  are  often  in  turbulent  state.  Tur¬ 
bulence  enhanced  momentum  and  energy  transport  are  often  important  in  the 
determination  of  arc  behaviour.  These  need  to  be  taken  into  account  in  momen¬ 
tum  and  energy  conservation  by  introducing  appropriate  arc  turbulence  models. 

The  applications  of  high  pressure  arcs  are  diverse,  but  the  underlying  basic 
physical  processes  are  the  same,  with  differing  dominant  energy  transport  pro¬ 
cesses  for  different  applications.  Of  all  fundamental  jpro cesses,  radiation  trans¬ 
port,  especially  radiation  absorption,  is  of  extreme  importance.  Since  the  late 
sixties,  much  effort  has  been  devoted  to  the  understanding  of  internal  radiation 
transport  within  the  arc  for  complex  molecular  gases  such  as  SFq  and  nitro¬ 
gen  inside  an  axisymmetric  wall  stabilised  arrangement.  Approximate  radiation 
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transport  based  on  net  emission  coefficient  (devised  by  J.  J.  Lowke),  which  is  a 
function  of  pressure,  temperature,  and  arc  radius,  has  been  shown  to  be  a  good 
approximation  for  the  radiation  transport  for  arcs  in  gas  flow  [2].  There  has 
been  very  little  work  on  the  nature  of  arc  turbulence,  especially  regarding  the 
mechanisms  which  drive  arc  instability  and  the  on-set  conditions  for  instability 
except  that  of  Blundell  et.al  [6].  Turbulent  arcs  have  been  modelled  along  the 
same  lines  as  fluid  jets.  For  a  number  of  arc  devices,  shock  cannot  be  avoided. 
The  interaction  between  an  arc  and  shock  is  of  fundamental  interest. 

The  maturity  of  numerical  techniques,  the  understanding  of  basic  physical 
processes  and  the  rapid  advancement  in  computing  power  at  an  affordable  price 
in  the  past  decade  have  made  computer  modelling  and  simulation  an  inseparable 
tool  for  the  understanding  of  arc  discharge  systems.  However,  computational 
effort  is  still  substantial.  It  is  therefore  useful  to  explore  the  conditions  under 
which  arcs  can  be  scaled.  Establishment  of  scaling  laws  is  important  to  extend 
the  range  of  applicability  of  computational  and  experimental  results. 

The  paper  will  discuss  similar  solutions  and  scaling  laws,  followed  by  a  dis¬ 
cussion  on  arc  stability  and  arc-shock  interaction,  and  finally  a  full  computer 
simulation  of  a  practical  arc  device,  which  encompasses  all  fundamental  physical 
processes  in  high  pressure  arc,  will  be  given  and  results  compared  with  tests. 


2.  The  governing  equations 

For  an  arc  at  LTE,  the  conservation  equations  can  be  written  as 

(2.1)  +  V  .  (iO  V  $)  -  V  •  (r$V$)  -  5$ 

where  #  is  the  dependent  variable,  p  the  gas  density,  and  V  the  velocity.  5$ 
the  source  term  and  r$,  the  diffusion  coefficient,  axe  given  in  Table  1,  where  all 
unspecified  symbols  have  their  conventional  meaning. 


Table  1. 


Equation 

$ 

r 

continuity 

1 

0 

0 

z-momentum 

w 

V  +  Vt 

—dP/dz  4-  Jr  Be  -{-  viscous  terms 

r-momentum 

V 

V  +  Vt 

—dP/ dr  —  JzBq  +  viscous  terms 

enthalpy 

h 

(fc  “h  kf,) / Cp 

aE'^  —  q  dP/dt  +  viscous  dissipation 

The  subscript  I  denotes  laminar  part  of  the  transport  coefficient  and  t  the 
turbulent  part  (see  Section  3).  The  equation  of  state  for  temperature  below  1000 
K  is  assumed  to  be  ideal  and  the  transport  coefficients  are  usually  non-linear 
functions  of  pressure  and  enthalpy.  For  axisymmetrical  case,  the  net  radiation 
loss  per  unit  volume  and  time,  q,  is  calculated  using  the  method  of  [2].  To 
calculate  the  Ohmic  heating,  electric  field  strength  is  required  for  a  given  arcing 
current.  For  a  number  of  arc  devices,  where  boundary  layer  assumption  is  valid, 
Ohm’s  law  can  be  simplified  as 
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(2.2)  i  =  E  J  a2'Krdr 

0 

where  i  the  current  and  the  electric  field,  is  independent  of  r.  For  the  general 
case,  where  boundary  assumption  cannot  be  made,  E  is  computed  form  the 
electrostatic  potential,  xf),  determined  from  current  continuity: 

(2.3)  V  •  (aVxP)  =  0. 

Robust  algorithms  for  the  solution  of  the  arc  governing  equations  are  now 
available  [3].  Some  commercial  CFD  (computational  fluid  dynamics)  packages 
can  also  be  adapted  to  solve  arc  problems  although  they  are  less  robust  compu¬ 
tationally  and  the  outcome,  to  a  large  extent,  depends  on  the  skill  of  the  user 
e.g.[4].  Computer  simulated  results  give  good  agreement  with  test  results,  even 
for  complex  industrial  devices  [3,  4].  Thus,  computer  simulation  has  become  an 
effective  design  aid. 


3.  Similar  solutions  and  scaling  laws 

For  a  number  of  arc  devices,  the  arc  is  burning  in  a  supersonic  nozzle  (a  con¬ 
vergent,  divergent  nozzle)  with  a  cross  section  which  is  much  smaller  than  the 
nozzle  cross  section.  Boundary  layer  assumption  can  therefore  be  introduced. 
In  addition  to  the  highly  non-linear  transport  properties  which  depend  on  the 
absolute  value  of  temperature  for  a  given  pressure,  radiation  absorption  and  tur¬ 
bulent  momentum  and  energy  transport  make  the  solutions  of  equation  (2.1) 
explicitly  dependent  on  the  length.  However,  by  choosing  Prandtl  mixing  length 
model  as  the  arc  turbulence  model,  turbulent  viscosity  can  be  expressed  as 


(3.1) 


m  =  pih 


dW 

dr 


=  pC‘^5'^ 


dW 

dr 


where  C  is  the  turbulence  parameter,  Im  is  the  length  scale  for  turbulent  mo¬ 
mentum  transfer,  which  is  related  to  the  arc  thermal  radius,  5,  defined  by 

/oo 

S  =  ^ w /(I  —  ^)27rrdr,  where  oo  denotes  the  external  flow.  Turbulent 

Prandtl  number  is  assumed  to  be  unity.  It  should  be  noted  that  similarity  anal¬ 
ysis  of  arcs  in  gas  flow  without  radiation  loss  and  absorption  was  investigated  by 
Ragaller  and  Tuma  [8].  However,  verification  of  the  scaling  laws  was  not  given. 

If  we  further  neglect  the  pressure  dependence  of  transport  properties  and  we 
use  the  radiation  transport  model  of  [2]  with  the  additional  assumption  that  the 
net  emission  coefficient  is  proportional  to  pressure  and  inversely  proportional  the 
arc  radius  defined  as  the  position  of  the  4000  K  isotherm,  similarity  parameters 
and  scaling  laws  which  fully  determine  the  non-dimensional  solutions  of  equation 
(2.1)  can  be  derived  [5]  using  characteristic  values: 
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where  the  superscript  *  denotes  the  characteristic  value,  R  the  gas  constant,  Ic 
the  discharge  current,  Ps  the  stagnation  pressure,  u  and  w  are  respectively  the 
radial  and  axial  velocity  and  q  the  net  radiation  loss,  p  is  a  factor  equal  to  1  but 
has  a  unit  appropriate  to  give  the  right  unit  for  g*,  and  zt  is  the  distance  between 
the  nozzle  entrance  and  the  throat.  The  characteristic  values  for  all  the  other 
quantities  appearing  in  the  above  expressions  are  defined  at  10000  K  and  8  bar 
for  SFq.  Thus  there  are  all  together  14  dimensionless  variables  and  4  similarity 
parameters  in  the  normalised  governing  equations.  The  4  similarity  parameters 
are: 


^  (P*T*)i/8  \  II  )  ’ 

Bp  =  ’ 

_  {R*T*)y^a*^  (PszfV^^  p  ^ 

hf/*  \  II  )  ’  ^  t/(P*r*)0-5- 


Table  2. 


Arc 

Ic  (amps) 

di/dt  (Amps//is) 

Ps  (bar) 

Zt  (cm) 

1 

500 

20 

30 

1.0 

2 

600 

20 

25 

1.2 

3 

750 

20 

20 

1.5 

4 

1000 

20 

15 

2.0 

5 

1500 

20 

10 

3.0 

Similar  solutions  in  different  nozzles  require  that  they  have  the  same  func¬ 
tional  relationship,  A/ At  ~  f{z/zt)^  the  so-called  affinely  related  nozzles,  where 
A  is  the  nozzle  area  and  subscript  t  denotes  that  of  nozzle  throat.  Of  the  4 
similarity  parameters,  Bq  and  Br  are  related.  Bp  represents  the  effect  of  lami¬ 
nar  diffusion  relative  to  convection,  and  Bp  represents  the  ratio  of  the  flow  time 
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FIG.  1.  Axis  velocity  plotted  in  normalised 
coordinates  for  the  arcs  listed  in  Table  2. 
The  upper  curve  is  for  the  dc  plateau  and 
the  lower  half  way  to  current-zero. 


FIG.  2.  Axial  variation  of  the  axial  electric 
field  plotted  in  normalised  coordinates  for 
the  arcs  in  Table  2.  The  upper  curve  is  for 
the  d.c.  plateau  and  the  lower  half  way  to 
current-zero. 


scale  to  that  of  the  current.  Bq  and  Br  represent  respectively  the  effects  of 
turbulence  and  radiation.  Arc  temperature  measurements  are  extreme  scarce 
and  velocity  measurements  are  even  more  scarce.  Thus,  computer  simulated  re¬ 
sults  obtained  without  introducing  the  assumptions  necessary  for  the  deduction 
of  similarity  parameters  and  scaling  laws  are  used  the  check  the  similarity.  This 
test  is  believed  to  be  adequate  since  computer  simulated  results  using  equation 
(2.1)  have  been  shown  in  agreement  with  test  results.  These  simulated  results 
are  then  normalised  according  to  the  scaling  laws.  Results  are  given  for  a  linear 
current  ramp  with  a  plateau  of  Ic  and  a  rate  of  decay  of  di/dt  and  for  several 
stagnation  pressures  as  given  in  Table  2.  Figs  1,  2  and  3  show  the  results  of  axis 
velocity,  electric  field,  and  radial  temperature  profiles  at  one  axial  position  for 
the  5  arcs  shown  in  Table  2. 


4.  Arc  stability 

Arcs  in  axial  gas  flow  are  often  turbulent.  However,  the  stabilising  and  destabil¬ 
ising  mechanisms  are  not  known.  Analogy  between  arc  instability  and  shear  layer 
instability  is  usually  made.  However,  shear  layer  instability  in  fluid  mechanics 
usually  refers  to  incompressible  fluid.  For  arc  discharges,  there  is  a  strong  density 
gradient  associated  with  steep  radial  temperature  gradient  and  radiation  loss  and 
Ohmic  input  are  important.  Thus,  there  is  a  strong  coupling  between  momentum 
and  energy  balance.  Axial  and  radial  gradients  and  the  highly  non-linear  nature 
make  stability  analysis  extremely  difficult.  Further  simplifications  are  necessary 
in  order  to  render  the  problem  to  a  mathematically  tractable  form  to  determine 
the  physical  processes  leading  to  instability.  The  arc  which  is  chosen  for  stability 
analysis  is  the  so-called  self-similar  arc.  For  such  an  arc,  the  flow  acceleration 
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FIG.  3.  Radial  temperature  distribution  at  FIG.  4.  Dependence  of  tbe  amplification 

axial  position  z/zt  =  S  plotted  in  normalised  rate  -a/  (diamonds)  and  the  wave  number 

coordinates  for  the  axes  listed  in  Table  2.  q:j?  (pluses)  on  the  non-dimensional 

The  correspondence  of  the  symbols  to  the  frequency  w  for  an  arc  in  SFe  with 

data  is  the  same  as  that  given  in  Fig.  2.  discharge  conditions  1=500  A,  P=8  bar  and 

The  upper  curve  is  for  the  d.c.  plateau,  the  /oo  =  5000/s. 

middle  half  way  to  current-zero  and  the 
lower  for  current-zero, 

per  unit  length,  /,  is  constant  and  thermodynamic  state  (e.g.  temperature)  does 
not  vary  with  axial  distance.  This  arc  retains  all  features  of  arcs  in  accelerating 
flow  but  is  sufficiently  simple  to  carry  out  a  quantitative  stability  analysis.  The 
imposed  pressure  gradient  is  assumed  to  be  much  greater  than  the  Lorentz  force 
generated  by  the  arcing  current.  Thus  magnetic  instability  is  excluded.  For  a 
self-similar  arc,  equations  (2.1)  can  be  written  as: 


(4.1) 

(4.2) 

(4.3) 


s +  +  s(o»)  = 

dw  dw  dw  dp  Id,  dw 

dho  .  dhn  Id,  K  dhfx^  „o 


XU.  fv  Ulb{ 

r  dr  cp  dr 


+  -Q 


where  w  and  u  are  respectively  axial  and  radial  velocity,  and  ho  =  +  O.bw^. 

Ohm’s  Law  assumes  the  same  form  as  equation  (2,2).  For  self-similar  arc,  ^  = 
/  =  constant,  which  is  the  flow  acceleration  per  unit  length.  The  pressure 
gradient  can  be  expressed  in  terms  of  f  and  in  the  region  remote  from  arc,  /oo, 
is  specified.  The  governing  equations  of  a  self-similar  arc  are  still  complex  due 
to  their  highly  non-linear  nature.  Equilibrium  solutions  are  therefore  obtained 
numerically  in  non-dimensional  form  with  similarity  parameters  similar  to  Sec¬ 
tion  3, 
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FIG.  5.  Dependence  of  the  amplification  FIG.  6.  Radial  form  of  the  integrands  in 

rate  -a/  at  a;  =  0  on  the  current  for  an  arc  equation  (4.5)  in  the  shear  layer  of  an  axe 

in  SFe  at  P=8  bar  and  foo  =  5000/s.  with  discharge  conditions  1=500  A,  P=8 

bar,  and  foo  =  5000/s  and  at  a  frequency 
a;  =  O.The  absolute  scale  of  the  energy  is 
arbitrary. 

Small  perturbations  of  the  form 

(4.4)  t)  — >  A’  (r )  exp  {itot  +  iax) ,  where  x  =  In  z 

are  imposed  on  the  governing  equations. 

Flow  conditions  remote  to  the  arc  (i.e.  the  external  flow)  are  fixed.  Thus, 
instabilities  associated  with  the  fluctuations  of  the  imposed  flow  are  not  con¬ 
sidered.  We  investigate  the  convection  instability  by  assuming  the  perturbation 
frequency,  u)  being  real.  The  arc  will  be  unstable  if  the  imaginary  part  of  a 
is  negative.  The  normal  modes  analysis  of  the  perturbed  governing  equations 
results  in  an  eigenvalue  problem  which  once  again  needs  numerical  solution  [6]. 
The  results  of  stability  analysis  (Fig.  4)  show  that  the  arc  is  more  unstable  at 
low  frequencies  and  that  the  arc  tends  to  be  more  unstable  (Fig.  5)  when  current 
increases. 

It  is  interesting  to  investigate  the  mechanism  which  drives  the  instability. 
For  this  purpose,  we  can  derive  equations  for  the  mean  square  fluctuations  of  the 
perturbed  quantities  averaged  in  time  and  use  the  numerical  results  to  determine 
the  relative  effects  of  different  physical  processes  on  stability.  The  mean  square 
fluctuation  for  i/j  =  K/i’,  where  ’  denotes  perturbation  and  dK  =  kdh  with  k  the 
thermal  conductivity,  is  given  by 

OO  00  OO  y  rtV 

s  7*’'f  1^1  <“■'*'>  ■  h"  ( (^) ) 

0  0  o'' 


(4.5) 
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OO  CO 

+  J  ~  (^’^)  “  /  '^^'obt) 

0  0 

where  ^  ^  =  ^\ln  (^)]  is  a  material  property  of  the  gas,  q^m  is  the 

perturbed  net  radiation  emissionin  the  core  of  the  arc,  and  Qat  is  the  perturbed 
radiation  absorption  in  the  absorption  region. 

The  results  in  Fig.  6  show  that  the  energy  exchange  to  the  instability  from  the 
mean  flow  occurs  almost  entirely  in  the  steep  density  gradient  (high  temperature 
gradient)  region  [6].  These  results  are  in  marked  contrast  to  jet-like  flows  for 
which  compressible  effects  are  frequently  neglected.  At  low  currents,  the  damping 
effects  are  small.  In  practice,  it  is  often  observed  that  arcs  at  low  currents  are 
unstable.  This  may  be  due  to  fluctuations  in  external  flow  and  finite  amplitude 
perturbations  effects,  which  have  not  been  included  in  the  stability  analysis. 


5.  Arc-shock  interaction 

Shocks  are  generated  when  supersonic  flow  encounters  a  sudden  compression, 
and  in  the  case  of  a  supersonic  nozzle  the  pressure  at  the  flow  exit  is  the  source 
of  compression.  The  presence  of  an  arc  in  the  nozzle  reduces  the  effective  flow 
cross  section  for  cold  gas  because  of  the  low  gas  density  in  the  arc  region.  As  a 
result  the  shock  in  the  cold  flow  around  the  arc  moves  upstream  in  comparison 
with  the  case  without  the  arc. 

Shocks  developed  in  the  surrounding  cold  flow  cannot  penetrate  into  the  arc 
column  because  the  flow  in  the  arc  is  subsonic  due  to  strong  Ohmic  heating.  An 
arc  interacts  with  shock  in  its  surrounding  cold  flow  through  flow  coupling.  The 
steep  pressure  rise  associated  with  the  shock  in  the  cold  flow  (Fig.  7)  penetrates 
into  the  arc  region  and  imposes  an  adverse  axial  pressure  gradient. 


FIG.  7.  Pressure  and  temperature  contours  for  a  500  A  SFq  arc.  The  exit  pressure  is 
3  •  10®  Pa  and  upstream  stagnation  pressure  is  9  •  10®  Pa. 

As  a  result,  the  flow  inside  the  arc  region  is  decelerated  (Fig.  8)  and  the 
arc  column  has  to  be  broadened  to  maintain  the  mass  flow  rate  carried  by  the 
arc.  The  distorted  shape  of  the  arc  column  further  modifies  the  eflFective  flow 
area  for  the  surrounding  cold  flow  and  the  shock.  The  centre  of  the  shock  in  the 
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FIG.  8.  Broadening  of  the  arc  column  by  flow  separation  in  the  arc-shock  interaction  region 
for  a  500  A  arc.  Conditions  are  the  same  as  in  Fig.  7.  The  position  of  this  figure 

is  shown  in  Fig.  7. 

cold  flow  moves  upstream  as  current  increases.  The  expansion  of  the  arc  and 
the  broadening  of  the  arc  due  to  interaction  with  the  shock  act  as  a  compression 
wedge  for  the  shock  impinging  on  the  arc  thermal  boundary.  The  broadening 
of  arc  column  due  to  arc-shock  interaction  reduces  the  arc  voltage  by  12-15%  in 
the  current  range  from  200  to  1500  A  under  the  conditions  given  in  Fig.  7.  More 
significantly,  flow  deceleration  in  the  arc  column  due  to  arc-shock  interaction  can 
create  a  very  hot  (12000  K)  patch  in  the  nozzle  when  the  arcing  current  reduces 
to  zero  in  a  transient  case.  This  will  leave  a  weak  dielectric  insulation  spot  in  a 
circuit  breaker  and  has  adverse  eff“ect  on  its  performance. 

6.  Computer  simulation  of  an  industrial  device 

The  understanding  of  the  physical  processes  occurring  in  arcs  in  gas  flow  and  the 
robust  algorithms  successfully  developed  for  the  solution  of  equation  (2.1)  and 
the  relevant  Maxwell’s  equations  have  made  possible  to  simulate  the  operation 
of  a  whole  arc  device  on  a  PC.  As  an  example,  computer  simulation  results 
of  the  operation  of  a  high  voltage  auto-expansion  circuit  breaker  (Fig.  9)  are 
given,  which  include  the  moving  contact  and  the  radiation  induced  inner  wall 
ablation  of  the  PTFE  nozzle.  The  eflPects  of  Lorenz  force,  radiation  transport. 
Ohmic  heating  and  turbulence  are  included.  Temperature,  pressure,  velocity, 
and  electric  fields  are  computed  as  a  function  of  time  while  the  current  varies 
sinusoidally.  Pressure  measurements  are  in  good  agreement  with  the  simulated 
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FIG.  9,  Temperature,  pressure  and  electrostatic  potential  distributions  in  a  model 
auto-expansion  circuit  breaker  with  an  instantaneous  current  of  18.5  k A  at  6.2  ms.  Upper 
half:  temperature  field,  lower  half:  pressure  field.  The  white  arrow  indicates  the  moving 
contact  and  the  black  arrows  show  the  direction  of  gas  fiow.  The  arcing  current  is  sinusoidal 
with  a  frequency  of  50  Hz.  The  peak  current  is  20  kA  and  the  arcing  duration  is  10  ms.  The 
broken  box  indicates  a  transparent  (to  flow)  electric  current  collector  to  support  the 
axisymmetric  arc.  The  filling  pressure  of  SFe  is  6.9  bar  absolute. 


results  as  shown  in  Fig.  10  for  a  245  kV  auto-expansion  circuit  breaker  which 
has  a  similar  structure  as  that  in  Fig.  9.  Thus,  arc  modelling  based  on  correct 


Pressure 

Electric  current  Arc  yo  j-age 


FIG.  10.  Predicted  and  measured  pressure  variation  in  the  expansion  volume  of  a  245  kV 
auto-expansion  circuit  breaker.  The  peak  arcing  current  in  this  case  is  27  kA. 


Recent  progress  in  our  understanding  of  the  physical  processes  in  arcs  in  gas  flow 
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understanding  of  the  physical  mechanisms  is  a  powerful  tool  to  aid  optimum 
design  of  industrial  arcing  devices.  It  should  be  noted  that  Claessens  et  al 
[9]  reported  computer  simulated  results  with  a  simplified  treatment  for  the  arc 
region  at  high  current. 


7.  Conclusions 

For  arcs  under  LTE,  sufficiently  accurate  model  is  now  available  for  a  quantitative 
description  of  the  operation  of  complex  devices  with  axisymmetry.  For  non- 
axisymmetric  arcs,  radiation  transport  calculation  needs  to  be  based  on  partial 
characteristics  rather  than  the  method  adopted  here.  Similarity  and  scaling  laws 
are  shown  to  exist  for  arcs  in  supersonic  nozzle.  Stability  analysis  indicates  that 
arc  instability  is  strongly  associated  with  the  density  gradient  which  is  caused  by 
strong  radiation  absorption.  Arc  turbulence  model  should  therefore  take  density 
effects  into  account.  This  remains  to  be  done.  For  practical  arc  devices,  in  some 
regions  of  the  device  and/or  under  certain  operational  conditions,  departure 
from  LTE  is  expected.  These  are  important  for  material  processing  and  are 
active  research  areas. 
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COMPLETE  TEMPERATURE  MONITORING  IN  A  PILOT  TRANSFERRED-ARC 

PLASMA  FURNACE 
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IMP-CNRS,  B,P.5,  66125  Font-Romeu  Cedex,  France 


Temperature  distribution  in  a  transferred-arc  plasma  furnace  for  steel  remelting  is  presented. 
Arc,  bath  and  insulating  wall  temperatures  are  measured  on  the  basis  of  Atomic  Emission 
Spectroscopy  (AES)  and  Multi- Wavelength  Pyrometry  (MWP).  Both  molten  bath  used  as 
anode  and  cathode  situations  are  examined  and  compared.  In  the  former  case,  temperatures 
in  the  range  10000  -  25000  K  are  determined  for  a  250  mm  length  arc  (86  V,  1760  A),  and  the 
corresponding  molten  steel  temperature  is  about  2000  K.  In  the  latter  case,  electron  density  is 
higher  near  the  anode  than  it  is  near  the  cathode  (reverse  to  anode  case)  and  the  temperature 
gradient  is  smooth  between  the  electrodes  is  smooth  (9000  K  <  T  <  11500  K).  Bath  temperature 
is  150  K  lower  than  in  the  anode  configuration. 


1.  Introduction 

Arc  heating  of  molten  steel  is  an  increasing  market  for  plasma  torch  suppliers: 
about  30  new  plants  have  been  commissioned  during  the  last  10  years.  Gener¬ 
ally,  this  secondary  heating  stage  is  performed  to  compensate  heat  losses  or  to 
raise  steel  temperature  to  optimum  levels  before  casting.  Three  technologies  are 
now  available:  graphite  electrodes  and  plasma  torches  which  are  transferred  arc 
requiring  a  bottom  electrode  and  3-phase  AC  arcs  which  do  not  require  a  bot¬ 
tom  electrode  (Ladle  furnaces  use  graphite  electrodes  and  tundish  heaters  are 
equipped  with  plasma  torches  constructed  with  tungsten  or  copper  electrodes 
[1]).  Even  if  only  a  4.5  MW  maximum  power  may  be  obtained  with  tungsten 
electrode  plasma  torches  operating  in  3-phase  AC  with  argon,  this  technology 
is  under  development  for  low  carbon  steel  grade.  In  addition,  a  power  increase 
larger  than  50%  may  be  reached  with  mixtures  of  molecular  gas. 

In  the  view  of  quality  concerns,  process  reliability  and  process  design,  the 
temperature  control  inside  the  plasma  furnace  is  of  great  importance: 

-  Arc  temperature:  effect  of  electric  power  and  arc  length  on  the  temperature 
distribution,  relation  between  arc  temperature  and  radiative  transfer  in 
the  furnace  cavity  (refractories  working  temperature  limit). 
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-  Metallic  bath  temperature:  the  impurities  rate  transfer  to  the  melt  depends  on 

the  temperature  as  well  as  the  material  quality  after  casting. 

-  Furnace  refractories  temperature:  the  refractories  operating  temperature  is 

very  near  the  limit.  Their  erosion  and  failure  (process  reliability)  are  highly 
dependent  on  the  temperature  level  and  gradient. 

-  Finally,  the  comparison  between  the  measured  temperature  distribution  and 

simulated  temperature  profile  gives  reference  points  for  process  design  and 
scaling-up. 

Accounting  for  these  remarks,  measurements  were  performed  in  a  200  kW 
pilot  plasma  tundish  operated  by  EDF-DER  (Les  Renardieres,  France).  Arc  tem¬ 
perature  was  obtained  by  Atomic  Emission  Spectroscopy  (AES),  molten  bath  and 
refractory  wall  temperatures  were  determined  by  Multi  Wavelength  Pyrometiy 
(MWP).  Measurement  methods  are  first  presented  in  this  paper,  then  expei- 
imental  data  are  discussed  for  two  electric  polarites  of  the  steel  molten  bath: 
positive  and  negative. 

2.  Measurement  system  and  methods 
2.1.  Atomic  Emission  Spectroscopy 

The  experimental  setup  is  schemed  in  Fig.  1.  The  electric  arc  image  is  made 
by  a  lens  (focal  distance  30  mm)  at  one  end  of  a  fiber  optic  mounted  on  a  z  —  r 


FIG.  1.  Experimental  setup  for  AES  measurements. 


displacement  system.  The  other  end  is  connected  with  the  monochromator.  The 
size  reduction  ratio  of  the  arc  column  is  5,  accounting  for  the  fiber  core  diameter, 
the  resulting  spatial  resolution  is  about  2  mm. 

The  monochromator  is  equipped  with  three  diffraction  gratings:  300,  1200 
and  1800  lines/mm,  the  medium  grating  is  used  with  20  ^m  inlet  slot.  The 
detector  is  the  CCD  matrix  of  a  multichannel  optical  analyzer  (MOA).  The 
spectral  width  of  each  photodiode  is  about  0.038  nm  at  A  =  425  nm,  consequently 
the  spectral  domain  extent  is  23  nm,  centered  to  the  selected  wavelength. 
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After  a  first  analysis  of  the  spectra  (Fig.  2  and  Fig.  3)  two  measurement 
methods  are  used  for  arc  temperature  determination. 


FIG.  2.  Ar  I  lines  far  from  the  cathode. 


FIG.  3.  Ar  II  lines  the  attachment  zone. 

For  temperature  lower  than  15  000  K,  the  plasma  electron  density  is  obtained 
from  the  shift  of  the  703  nm  line  of  neutral  argon  (Ar  I)  as  shown  in  Fig.  2.  This 
shift  was  extensively  study  by  [2]  who  have  proposed  a  calibration  of  5 A  versus 
Ne  with  respect  to  a  well  known  reference,  the  line  (A^e  determination).  This 
measurement  is  not  based  on  LTE  hypothesis,  but  this  latter  assumption  is  made 
to  calculate  the  related  temperature  from  equilibrium  composition  calculation. 

The  Stark  shift  of  an  atomic  line  SX  depends  mainly  on  the  electron  density 
{Ne)y  it  may  be  written  [2]  as  : 
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(2.1)  (5A  =  (^^  +  2B^  10-22priVe, 

where  d  eind  W  are  respectively  the  shift  and  the  half-width  of  the  line  due  to 
electrons.  B  characterizes  the  effect  of  ions  on  the  line  shift.  For  the  703  nm 
line  and  T  =  10  000  K,  it  comes:  d  —  0.0608  nm,  W  —  0.06  nm  and  B  =  0.0703 
[3].  For  Ng  <2- 10^^  m“^,  the  shift  SX  is  not  linear  and  the  calibration  of  [21  is 
used. 

For  temperature  higher  than  15000  K  (Fig.  3),  the  intensity  ratio  method  is 
used  for  lines  of  Ar+  (Ar  II):  434.806  nm,  427.752  nm  and  427.516  nm  lines  are 
selected,  and  the  corresponding  transition  characteristics  are  listed  in  Table  1. 


Table  1.  Characteristics  of  selected  Ar  II  lines 


A(nm) 

£*(0111“^) 

9k 

Afei(10«s-i) 

427.516 

183091 

4 

0.26 

427.752 

172214 

4 

1.00 

434.806 

157234 

8 

1.24 

To  determine  the  temperature  we  do  not  use  the  Abel  inversion,  as  a  result, 
a  mean  value  is  obtained  from  the  measurement.  However,  the  error  related  to 
the  maximum  temperature  along  the  axis  may  be  estimated  assuming  a  radial 
parabolic  temperature  profile  with  a  maximum  at  Tm  and  a  minimum  at 
Tm  =  7000  K  (negligible  emission).  On  this  basis  the  integrated  radial  Ne  dis¬ 
tribution  or  line  intensity  may  be  calculated  and  the  corresponding  integrated 
temperature  may  be  determined.  This  latter  is  equivalent  to  the  measured  tem¬ 
perature  {Tint)-  For  Tm  =  10000  K  and  Tm  =  15000  K  the  integrated  temper¬ 
ature  Tint  is  equal  to  9714  K  and  14090  K  respectively,  i.e.  differences  in  the 
range  300  K  -  1000  K.  The  same  calculation  for  Ar  II  gives  a  1500  K  difference 
at  Tm  =  29890  K.  To  conclude,  the  maximum  temperature  in  the  discharge  is 
underestimated  with  an  error  ranging  from  2%  to  6%. 

The  combination  of  both  methods  permits  to  determine  temperature  in  the 
range  9000-30000  K,  with  possible  comparison  around  15000  K,  Accounting  for 
working  conditions,  the  measured  data  are  significant  of  the  maximum  electron 
density  or  temperature  in  the  discharge,  but  gives  underestimated  values  with 
differences  ranging  from  300  K  to  1500  K. 


2.2.  Multiwavelength  Pyrometry 

A  multiwavelength  high  speed  pyrometer  has  been  specially  developed  for  on-line 
monitoring  and  control  of  temperature  conditions  in  various  industrial  processes: 
CO2  laser  welding,  plasma  cladding,  plasma-arc  steel  refining,  plasma  spraying, 
etc.  [4].  The  combination  of  high  operation  speed  (sampling  time  50  fis  by 
photodiode),  wide  temperature  range  (1300-3500  K)  and  varying  size  of  target 
area  (a  circle  from  400  fim  up  to  1  cm  in  diameter)  provides  the  means  for 
real-time  temperature  monitoring. 

The  pyrometer  is  composed  of  two  components:  the  optical  head  and  the 
opto-electronic  unit.  Selection  of  wavelength  in  the  range  1-1.6  //m  is  performed 
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by  a  diffraction  grating,  a  linear  array  of  12  InGaAs  photodiodes  is  used  as 
detector.  The  other  characteristics  of  the  pyrometer  are  listed  in  Table  2. 


Table  2.  Characteristics  of  the  multi  wavelength  pyrometer 


Parameters 

1-spot  MWP 

Temperature  range,  K 

1300-3500 

Wavelength  range,  ^m 

1.0-1.573 

Measuring  distance,  mm 

700 

Number  of  photodiodes 

12 

Special  resolution,  mm 

1600 

Sampling  time,  /Lts 

50  for  each  photodiode 

Length  of  the  optical,  m 

10 

The  idea  of  getting  the  temperature  from  spectral  intensities  measurements 
without  knowing  the  emissivity  is  not  new:  it  has  been  pioneered  by  [5],  [6]  and 
many  others  for  the  past  30  years.  Authors  [7]  as  early  as  1972  stated  the  argu¬ 
ment  of ’’redundant  information”  in  thermal  radiation  spectra  that  should  allow 
this:  also  the  stress  was  put  on  the  advantages  coming  from  modern  computer  ca¬ 
pabilities  and  least  squares  method  and  consequently  from  allowed  increasing  the 
number  of  spectral  channels;  multiwavelength  pyrometry  and  spectroradiometry 
are  still  expected  to  give  the  ’’true”  temperature. 

Since  beginning  of  90’s,  IMP-CNRS  [8]  has  been  involved  in  multi  wavelength 
pyrometry.  [8]  have  analysed  all  existing  methods  and  developed  their  own. 
Here  is  presented  one  which  is  commonly  called  ’’inverse  radiant  temperature 
transformation”  method,  called  by  [8]  ” Wien/log  transformation”.  This  is  the 
simple  extension  to  a  multiple  channel  instrument  of  what  is  done  currently  for 
classical  monochromatic  optical  pyrometry;  using  Wien’s  approximation,  and 
replacing  the  term  logarithm  of  emissivity  by  a  wavelength  polynomial  fit  permits 
to  solve  the  so  linearised  system,  provide  the  number  of  channels  is  in  excess  of 
the  unknown,  model  parameters  plus  1  (the  temperature). 

The  Wien:Log  transformation,  or  so  called  ’’inverse  radiant  temperature 
transformation”  uses  the  following  equations  : 

(2.2)  l/Ti  =  1/To  “  k/c2  Inez 


N-2 

(2.3)  with  ln(£i)  =  ^  OnAf  i  =  l,N, 

n=0 

where  i  corresponds  to  the  measured  channels,  N  is  the  number  of  channels, 
Ti  are  the  measured  brightness  temperature,  Tq  is  the  true  temperature,  e  is  the 
emissivity  and  A  is  the  wavelength. 

The  N  data  l/T^  are  fitted  versus  A  and  compared  with  Xi/c^logSi  -  I/Tq. 
The  T-intercept  of  the  fit  allows  to  determine  Tq, 

Concerning  the  measurement  uncertainty,  two  parts  must  be  discussed: 


244 


J.  M.  Badie,  Ph.  Bertrand  and  G.  Flamant 


(i)  The  calibration  error  is  ±5  K  at  2000  K  (i.e.  0.25%).  This  permits  to 

appreciate  a  temperature  difference  of  10  K  versus  time  or  position. 

(ii)  The  uncertainty  due  to  the  method  for  true  temperature  calculation  (equa¬ 

tion  (2.2)  and  (2.3))  may  be  estimated  at  ±20  K  -Ae/e  =  5%. 

.  When  a  temperature  variation  along  the  surface  of  one  material  is  checked, 
only  the  calibration  uncertainty  is  to  be  considered  if  the  temperature  change 
is  limited  to  some  tens  degrees  without  phase  transformation  (the  emissivity 
variation  is  generally  negligible  in  this  situation). 

3.  The  pilot  plasma  tundish 

The  plasma  furnace  is  schemed  in  Fig.  4,  it  operates  in  the  transferred  arc 
mode  combining  a  refractory  insulated  cavity  and  a  plasma  torch  (Tektronics 


Fig.  4.  Schematic  representation  of  the  plasma  furnace  (without  the  plasma  torch). 

technology).  The  furnace  bottom  is  equipped  with  a  metallic  electrode  to  permit 
the  arc  attachment.  The  cavity  diameter  is  about  0.65  m  at  the  level  of  the  liquid 
metal  surface.  The  plasma  torch  is  inserted  at  the  top  and  it  operates  either  as 
cathode  or  anode  with  argon.  In  the  former  configuration,  tungsten  tip  is  used 
for  cathode  and  copper  plate  for  anode,  thus  nominal  power  is  about  200  kW 
(?7  =  90  V,  7  =  2300  A).  For  the  plasma  torch  operating  as  anode,  the  maximum 
power  is  170  kW  (1765  A).  Operating  parameters  used  during  measurement  are 
listed  in  Table  3.  Three  optical  accesses  may  be  used  for  measurements: 
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-Two  small  diameter  ports  (Pi  and  P2  in  Fig.  4)  located  on  top  of  the  furnace 
and  on  the  side  wall.  They  permit  bath  temperature  and  refractory  wall 
temperature  measurement  respectively. 

-A  large  side  window  {W  in  Fig.  4)  which  gives  access  to  the  arc  zone  for 
measurements  in  the  plasma.  In  addition,  the  bath  surface  may  be  also 
seen  through  this  window,  in  particular  the  axe  root. 


Table  3.  Plasma  arc  operating  parameters  during  measurements  (L  =  arc  length) 


Parameters 

Bath  as  anode 

Bath  as  cathode 

L  =  200  mm 

L  =  250  mm 

L  =  150  mm 

L  =  200  mm 

/(A) 

2070 

1760 

1000 

C7(V) 

88 

86 

88 

93 

Argon  flow  rate 
(NmVh) 

6 

6 

15 

15 

4.  Experimental  results 

Experimental  data  are  presented  for  two  configurations:  the  metallic  bath  as 
anode  and  the  metallic  bath  as  cathode. 

4.1.  Metal  bath  as  anode 

Arc  Temperature:  Electron  density  (A^e)  variation  along  the  axis  {z  direction) 
of  the  arc  column  and  starting  from  the  bath  surface  is  plotted  in  Fig.  5  for  two 
arc  lengths,  200  mm  and  250  mm,  and  argon  fiow  rate  6  Nm^/h. 


FIG.  5.  Electron  density  along  the  plasma  arc  axis:  1:  X  =  0.2  m,  /  =  2200  A,  2:  L  =  0.25  m, 

I  =  1760  A. 

Nq  seems  to  be  higher  in  the  short  arc  than  in  the  long  arc.  Fig.  6  plots 
Nq  versus  dimensionless  arc  length  representation,  it  shows  no  significant  dif¬ 
ference  between  both  previous  situations.  This  means  that  electron  densities 
are  the  same  at  a  given  zjL  value  even  with  a  25%  current  intensity  difference. 
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FIG.  6.  Electron  density  along  the  plasma  arc  as  a  function  of  dimensionless  distance  from 
the  metal  bath  □:  L  =  0.2  m,  I  =  2200  A,<^:L  =  0.25  m  ,  I  ~  1760  A. 


Nevertheless,  this  remark  must  be  lessen  considering  the  measurement  accuracy 
(about  15%)  which  is  probably  insufficient  to  detect  such  a  small  difference. 

The  corresponding  temperature  distributions  are  shown  in  Fig.  7.  Tempera¬ 
ture  is  obtained  on  the  basis  of  an  equilibrium  calculation  neglecting  iron  vapor 


FIG.  7.  Temperature  distribution  along  the  arc  axis  1:  L  =  0.2m,/  =  2200  A, 

2:  L  =  0.25  m,  /  =  1760  A. 

whose  concentration  should  be  of  the  order  of  of  maximum  1.6%  as  computed 
by  [9].  For  such  an  iron  vapor  content  in  the  arc,  an  equilibrium  calculation  of 
the  Ar-Fe  system,  for  the  same  electron  density  (measured),  gives  an  estimation 
of  the  related  uncertainty.  It  is  less  than  3%  at  T  =  10000  K  and  less  than  0.2% 
at  T  =  13000  K.  Both  distributions  exhibit  a  characteristic  shape:  a  slight  tem¬ 
perature  rise  from  the  bath  surface  to  the  cathode  along  the  main  arc,  length, 
and  a  very  sharp  rise  at  10  mm  from  the  cathode  (plasma  torch).  In  the  first 
part  of  the  arc  the  temperature  gradient  is  linear  and  AT/Az  ^  20  K/mm  and 
for  both  arc  lengths  the  temperature  is  about  9000  K  at  20  mm  from  the  molten 
steel.  At  the  slope  break,  the  temperature  is  about  14000  K  for  both  cases  and  it 
rises  up  to  nearly  25000  K  at  the  cathode  surface.  In  this  thin  cathode  zone  the 
thermal  gradient  is  about  1000  K/mm.  In  the  arc  attachment  region  maximum 
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temperatures  in  the  range  23500-25000  K  have  been  previously  determined  by 
[10]  and  [11]. 

For  the  250  mm  long  arc,  at  z  =  240  mm  distance  from  the  bath,  lines  of  both 
Ar  I  and  Ar  II  may  be  observed  and  we  may  compare  both  temperature  mea¬ 
surement  methods.  On  the  basis  of  the  line  shift  method  (Ar  I)  the  temperature 
is  13900  K,  and  at  the  same  position  a  temperature  of  14430  K  is  obtained  from 
the  intensity  ratio  method  (Ar  II).  This  result  proves  the  coherence  between  the 
chosen  spectroscopic  measurement  methods. 

The  radial  temperature  distribution  is  illustrated  in  Fig.  S  Sit  z  =  248  mm, 
=  200  mm  and  2:  =  20  mm.  A  strong  temperature  decrease  from  the  axis  to  the 


FIG.  8.  Radial  temperature  distribution  as  a  function  of  z  position  {L  =  0.25  m,  7  =  1757  A) 
1:  Z  =  0.248  m,  2:  ^  =  0.2  m,  3:  ^  =  0.02  m. 

arc  border  is  shown  at  the  cathode  vicinity:  the  gradient  reaches  1300  K/mm  at 
z  =  248  mm.  In  this  region,  the  diameter  of  isotherm  15000  K  may  be  estimated 
to  be  85  mm,  the  corresponding  current  density  is  3100  A/cm^.  The  temperature 
profiles  flatten  very  rapidly  from  the  cathode  to  the  anode  (decreasing  2:  values), 
the  temperature  gradient  is  about  240  K/mm  at  the  middle  of  the  arc  and  100 
K/mm  at  20  mm  from  the  metal  surface.  The  consequence  of  the  integral  method 
(no  Abel  inversion)  on  the  results  is  a  profile  flattening  with  1500  K  uncertainty 
along  the  axis. 

Surface  Temperature:  Temperature  obtained  with  the  250  mm  long  arc  will 
be  commented.  The  measurements  are  performed  with  the  MWP  sighted  either 
through  ports  Pi,  P2  or  through  window  W. 

The  insulator  wall  temperature  near  the  bath  surface  is  measured  using  port 
P2.  First  of  all,  the  influence  of  the  plasma  arc  emission  on  the  pyrometer 
signal  is  illustrated  in  Fig.  9.  The  variations  of  brightness  t^perature  for  nine 
wavelengths  are  plotted  versus  time  as  well  as  the  true  temperature  calculated 
from  equations  (2.2)  and  (2.3)  with  N  =  9.  At  time  t  =  54.9  s  the  electric  power 
is  switched  off;  the  resulting  temperature  decrease  during  one  second  is  shown 
in  Fig.  8  and  an  estimation  of  the  arc  perturbation  on  the  temperature  signal 
may  be  based  on  the  temperature  variation  during  the  first  50  ms  just  after  the 
arc  vanishing.  The  temperature  drop  during  this  time  is  30  K  and  the  corrected 
wall  temperature  is  1950  K.  The  power  is  then  switched  on  and  the  transient 
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-C3-T1  ^  1.061  pm 


FIG.  9.  Wall  temperature  as  a  function  of  time  during  arc  switches  off  (port  Pi) 

L  =  0.25  m,  /  =  1760  A. 

heating  period  is  shown  in  Fig.  10,  a  temperature  gradient  of  about  1  K/s  is 
measured.  The  temperature  spikes  in  Fig.  10  are  probably  due  to  arc  movements 
in  the  sighting  zone  which  perturbate  the  pyrometer  signal. 
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Fig.  10.  Wall  temperature  as  a  function  of  time  after  arc  switches  on  (port  P\,  L  —  0.25  m). 
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Fig.  11  illustrates  the  pyrometer  sensitivity  and  its  potential  interest  for 
process  control.  At  time  t  =  100  s,  window  W  is  opened  for  cleaning,  air  enter 
in  the  furnace  results  in  arc  voltage  rise,  and  therefore  the  arc  power  and  the 
insulating  wall  temperature  increase.  This  phenomenon  is  clearly  recorded  by 
the  MWP,  thus  which  may  be  used  for  process  defects  detection. 


FIG.  11.  Wall  temperature  variation  during  window- TF-opening  (port  Pi,  L  =  0.25  m). 

The  steel  bath  surface  temperature  at  steady  state  is  plotted  in  Fig.  12, 
port  Pi  is  used  for  this  measurement.  The  temperature  spikes  in  the  plot  are 
due  to  the  molten  steel  surface  deformation:  waves  are  created  on  the  liquid 
surface  by  the  plasma  jet  then  they  propagate  radially;  their  passing  in  the 
pyrometer  sighting  results  in  large  reflexion  contributions  (mirror  effect)  which 
affect  strongly  the  pyrometer  signal.  Temperature  spikes  (200  K  -  300  K)  are 
observed  but  the  base  line  permits  to  estimate  the  mean  temperature.  Let  us 
notice  that  without  parasitic  contribution,  the  metal  surface  temperature  is  the 
same  that  the  insulating  wall  temperature:  1950  K.  At  the  same  position,  the 
metal  temperature  is  higher  for  a  200  mm  long  arc:  1990  K.  In  order  to  estimate 
the  temperature  variation  on  the  molten  bath,  measurements  were  performed 
through  the  large  window  W  used  for  AES  examination.  First  the  influence 
of  arc  emission  on  MWP  signal  is  evaluated  by  switching  off  the  arc.  A  20  K 
perturbation  is  estimated  at  the  arc  border.  In  the  pyrometer  wavelength  range 
(1.06  -  1.531  //m),  emission  due  to  iron  vapor  is  null  because  no  Fe  emission  line 
exists  at  wavelengths  larger  than  0.8  ^m.  If  the  pyrometer  sights  through  the 
arc  itself  (Port  W),  the  perturbation  is  higher  and  measurements  are  difficult  to 
interpret.  As  a  consequence,  the  MWP  is  sighted  just  before  the  arc  root  and 
moved  from  the  center  (arc  zone)  to  the  right  (insulating  wall).  The  resulting 
temperature  variation  is  plotted  in  Fig.  13.  The  temperature  is  about  50  K 


FIG.  13.  Bath  temperature  distribution  as  a  function  of  the  distance  from  the  jet  impact  zone 

(port  W). 

higher  in  the  plasma  jet  impact  zone  than  in  the  middle  of  the  bath,  at  the  wall  an 
additional  50  K  more  temperature  decrease  is  determined.  Finally  a  maximum 
temperature  difference  of  100  K  is  measured  at  the  metal  bath  surface. 

4.2.  Metal  bath  as  cathode 

The  plasma  electrode  (anode)  is  a  water  cooled  copper  plate  26  mm  in  diameter. 
Measurements  are  performed  for  two  arc  lengths  150  mm  and  100  mm,  respec¬ 
tively  998  A  (88  V)  and  1765  A  (93  V),  and  a  constant  gas  flow-rate:  15  Nm^/h. 
This  argon  flow  rate  is  2.5  times  higher  than  for  the  previous  situation.  With 
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the  arc  working  in  reverse  polarity,  its  attachment  area  is  more  important  than 
when  the  base  is  anode  thus  resulting  with  the  mean  line  of  sight  measurements 
performed  in  a  lower  density  close  to  the  bath  and  more  iron  vapor  should  be 
entrained  in  the  arc. 

Arc  Temperature:  Electron  densities  and  temperature  are  illustrated  in  Fig. 
14  and  Fig.  15  respectively. 
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FIG.  14.  Axial  electron  density  versus  arc  length  for  bath  as  cathode 
1:  L  =  0.15  m,  /  =  1000  A,  2:  L  =  0.2  m,  /  =  1765  A. 
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FIG.  15.  Axial  temperature  distribution  versus  dimensionless  distance  from  the  bath  surface 
0:  L  =  0,15  m,  /  =  1000  A,  □:  I,  =  0.2  m,  /  =  1765  A. 

Distance  z  =  0  corresponds  to  the  cathode,  i.e.  the  molten  steel  surface.  By 
comparing  with  previous  situation,  the  lowest  electron  density  is  measured  at  the 
cathode  and  the  highest  at  the  anode.  But,  Ne  is  larger  for  the  short  arc  than 
for  the  long  arc  as  it  was  observed  in  Fig.  7.  Electron  density  is  about  two  fold 
less  than  when  the  bath  was  anode,  with  maximum  value  of  about  6  •  10^^  m“^ 
near  the  plasma  torch  surface.  Corresponding  temperature  in  a  T  versus  zjL 
plot  (Fig.  15)  illustrates  the  linear  increase  of  arc  temperature  from  the  cathode 
to  the  anode  in  the  range  9000-11500  K,  without  any  temperature  break.  Corre- 
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spending  slope  is  12.5  K/mm.  In  the  radial  direction,  the  temperature  variation 
is  also  very  small  even  near  the  anode  where  80  K/mm  gradient  is  measured,  Ar 
II  lines  have  never  been  observed  in  this  situation. 

Bath  Temperature:  The  surface  temperature  is  measured  during  the  metal 
heating  duration  (in  particular  during  the  transition  from  solid  state  to  liquid 
state).  Data  are  shown  in  Fig.  16.  A  characteristic  temperature  may  be  detected 
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FIG.  16.  Bath  temperature  during  cathode  bath  heating  L  =  0.2  m,  7  =  1765  A. 

during  the  transition  (break  on  plot  Fig.  16).  This  phenomenon  occurs  at  time 
t  =  292  s  in  the  plot  and  the  corresponding  surface  temperature  is  1800  K. 
This  measurement  is  in  agreement  with  iron  melting  temperature:  1808  K  and 
it  may  be  considered  as  a  validation  of  the  true  temperature  calculation  method. 
When  the  liquid  surface  area  increases,  the  MWP  signal  perturbations  are  very 
important  in  the  arc  zone  due  to  intense  metal  surface  movement  (high  argon 
flow  rate).  Far  from  the  arc  region,  the  bath  temperature  is  1875  K  at  steady 
state,  i.e.  some  tens  degrees  higher  than  the  carbon  steel  melting  temperature. 


4.3.  Comparison  between  experimental  data 

Changing  the  plasma  torch  polarity  (from  thermal  emitting  hot  cathode  to  cold 
anode)  and  plasma  gas  flow  rate  results  in  arc  radial  extension  and  consequently 
temperature  reduction.  When  the  metal  bath  is  the  cathode,  the  energy  transfer 
to  the  liquid  is  less  efficient  than  when  it  is  the  anode  and  the  resulting  surface 
temperature  is  about  100  K  less  with  comparable  electric  power:  for  a  200  mm 
long  arc  the  power  was  respectively  164  kW  and  182  kW. 

Numerical  simulation  of  transferred  arc  plasma  tundish  for  operating  condi¬ 
tions  very  close  to  ours  {P  =  200  kW,  I  =  2000  A,  L  =  150  mm,  300  kg  of  iron) 
was  proposed  first  by  [9]  and  [12]  and  then  recently  by  [13].  Trenty’s  work  [9], 
[12]  overestimates  both  the  arc  temperature  near  the  cathode  and  the  molten 
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bath  thermal  equilibrium.  A  comparison  between  measured  and  calculated  tem¬ 
perature  profiles  is  illustrated  in  Fig.  17.  The  differences  are  much  larger  in  the 
cathode  region  than  in  the  rest  of  the  arc,  temperature  as  high  as  36000  K  is 
predicted  at  the  electrode  surface.  We  think  that  this  difference  is  not  due  to 
metal  vapor  (accounted  in  the  model)  but  is  connected  with  the  method  used 
for  the  simulation  of  the  cathode  zone. 


FIG.  17.  Comparison  of  temperature  distribution  along  the  arc  axis  (bath  as  anode) 
a:  this  work,  b:  prediction  from  [11]. 

According  to  the  same  simulation,  the  upper  part  of  the  bath  is  a  convection- 
dominated  zone  with  two  recirculation  domains  and  an  equilibrium  temperature 
of  about  2380  K,  i.e.  about  400  K  higher  than  the  measured  surface  tempera¬ 
ture.  Recent  simulation  accounting  for  radiative  transfer  [13]  gives  more  realistic 
results  both  in  the  arc:  27000  K  at  the  cathode  tip  and  on  the  refractory  surface: 
about  2100  K  near  the  bath. 


5.  Conclusion 

Plasma  arc  and  surface  temperatures  have  been  measured  in  a  200  kW  plasma 
tundish.  The  comparison  between  data  for  two  bath  polarities  (anode  or  cath¬ 
ode)  shows  a  strong  difference  concerning  both  arc  temperature  distribution  and 
metal  surface  mean  temperature.  In  the  former  case  (anode),  the  temperature 
distribution  exhibits  a  sharp  break  about  1  cm  from  the  plasma  torch  and  the 
plasma  temperature  reaches  about  25000  K  near  the  cathode.  The  mean  bath 
temperature  is  about  2000  K  with  100  K  overheating  at  the  plasma  jet  impact. 
In  the  latter  case  (cathode),  the  heat  transfer  to  the  metal  is  insufficient:  the 
liquid  temperature  is  just  above  the  melting  point  and  the  plasma  arc  electron 
density  is  two  fold  less  than  in  the  anode  configuration.  The  effect  of  arc  current 
(with  a  constant  arc  length)  was  not  examined. 

Surface  temperature  measurements  during  transients  prove  the  instrument 
availability  for  being  used  as  a  sensor  for  process  control  (defect  detection,  tem¬ 
perature  regulation  ...). 

The  comparison  between  our  measurements  and  simulation  data  performed 
by  EDF-DER  shows  clearly  the  importance  of  the  radiative  transfer  phenomena 
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in  the  furnace  and  the  difference  reduction  tendency  thanks  to  the  last  model  im- 
provements.This  shows  that  combining  fitted  numerical  simulation  and  accurate 
mecLSurements  give  a  decisive  advantage  for  plasma  process  scaling- up. 
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Notation 


an  :  Constant  in  Eq.  (2.3) 

Ajii  :  Transition  probability  (s“^) 

B  :  Ion  interaction  parameter  (Eq.l) 

C2  :  Constant  in  Eq.  (2.2)  C2  =  1.438810-2  mK 
d  :  Line  shift  due  to  electrons  in  Eq.  (2.1)  (nm) 
D  :  Distance  from  the  furnace  (or  arc)  axis 
Ek  :  Transition  energy  (cm”^) 

Qk  :  Statistical  weight 
I  :  Current  intensity  (A) 

L  :  Arc  length  (m) 

Ne  :  Electron  density  (m"^) 

P  :  Electric  power  (kW) 
r  :  Radial  position  in  the  plasma  arc  (m) 

T  :  Temperature  (K) 

U  :  Arc  voltage  (V) 

2r  :  Vertical  distance  from  the  metal  bath  (m) 

W  :  Line  halfwidth  in  Eq.  (2.1)  (nm) 

:  Stark  line  shift  in  Eq.  (2.1)  (nm) 

€i  :  Emissivity  at  wavelength 
A  :  Wavelength  (nm  or  /im) 
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METAL  DROPLET  FORMATION  IN  GAS  METAL  ARC  WELDING 

J.  HAIDAR 


CSIRO  TELECOMMUNICATIONS  AND  INDUSTRIAL  PHYSICS 
PO  Box  218,  Lindfield,  NSW  2070,  Australia 


A  two-dimensional  dynamic  treatment  has  been  developed  for  description  of  arc  and  electrode 
properties  in  gas  metal  arc  welding  (GMAW).  The  theory  is  a  unified  treatment  of  the  arc, 
the  welding  wire  anode  and  the  cathode,  and  includes  a  detailed  account  of  sheath  effects 
near  the  anode.  The  wire  anode  is  included  as  a  dynamic  entity  and  the  volume  of  fluid 
method  is  used  to  handle  the  movement  of  the  free  surface  of  the  molten  metal  at  the  tip  of 
the  wire,  accounting  for  effects  of  surface  tension,  inertia,  gravity,  arc  pressure,  viscous  drag 
force  of  the  plasma,  magnetic  forces  and  Marangoni  effect,  and  also  for  the  effects  of  wire  feed 
rate  in  GMAW.  Results  of  calculations  made  for  a  mild  steel  wire  of  diameter  0.16  cm  are  in 
good  agreement  with  experimental  measurements  of  droplet  diameter  and  droplet  detachment 
frequency  at  currents  between  150  and  330  A,  which  includes  the  transition  between  ’’globular” 
and  ’’spray”  transfer.  Quantitative  predictions  are  also  made  of  the  amount  of  metal  vapour 
that  is  generated  from  the  welding  droplets  at  the  tip  of  the  welding  wire. 


1.  Introduction 

In  gas  metal  arc  welding  (GMAW),  an  electric  arc  is  struck  between  a  work- 
piece,  usually  the  cathode  and  a  welding  wire,  usually  the  anode.  Heat  transfer 
from  the  arc  and  ohmic  heating  in  the  wire  cause  the  tip  of  the  wire  to  melt, 
creating  droplets  that  are  transferred  through  the  arc  to  the  workpiece.  The 
characteristics  of  droplets  formed  at  the  tip  of  the  welding  wire  are  determined 
by  the  combined  effect  of  forces  acting  on  the  molten  metal  at  the  tip  of  the 
wire,  thermal  phenomena  within  the  wire  and  heat  transfer  from  the  arc. 

Here  we  present  a  two-dimensional  treatment,  including  the  arc,  the  welding 
wire  and  the  workpiece  cathode.  [1-6]  The  treatment  is  based  on  the  dynamic 
conservation  equations  of  mass,  energy,  momentum  and  current,  and  includes  a 
free  surface  treatment  for  the  surface  of  the  metal  drop.  The  forces  considered 
are  gravity,  effective  inertia,  surface  tension,  arc  pressure,  viscous  drag  force 
and  magnetic  forces,  and  also  the  effects  due  to  the  variation  of  surface  tension 
with  temperature.  An  electrode  sheath  region  is  included  for  the  anode.  The 
dynamics  of  the  weld  pool  in  tungsten  arc  welding  (GTAW)  can  also  be  modelled 
by  changing  the  electrode  properties,  configuration  and  polarity.  Predictions  can 
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be  made  as  a  function  of  time,  of  droplet  shape  together  with  the  distributions  of 
current  density,  temperature,  velocities  and  pressure,  both  within  the  arc  and  the 
wire  anode.  A  full  description  of  the  model,  together  with  calculation  results  for 
wires  of  mild  steel  for  various  arc  conditions,  can  be  found  elsewhere  [l]-[6].  The 
results  of  calculations  show  an  important  transition  between  globular  transfer, 
where  drop  diameters  are  larger  than  the  diameter  of  the  wire,  and  spray  transfer, 
where  droplet  diameters  are  less  than  the  diameter  of  the  wire.  Calculations  are 
also  made  of  the  amount  of  metal  vapour  generated  from  the  surface  of  the 
droplet  while  it  is  attached  to  the  wire. 


2.  Theoretical  considerations 

Fig.  1  is  a  schematic  representation  of  the  calculation  domain  for  GMAW.  We  use 
a  cylindrical  coordinate  system,  r  and  z,  assuming  rotational  symmetry  around 
the  z-axis.  The  calculation  domain  has  an  anode  region,  representing  the  weld- 
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FIG.  1.  A  schematic  diagram  of  the  arc  and  the  electrodes. 

ing  wire,  an  arc  region  and  a  cathode  region,  and  also  an  anode  sheath  region. 
The  anode  region  is  treated  as  a  dynamic  medium,  including  solid  and  liquid 
phases,  the  boundaries  of  which  change  with  time,  depending  upon  the  shape 
and  volume  of  the  molten  metal.  However,  we  consider  the  cathode  shape  to 
be  fixed  in  space  and  time.  In  the  arc  region,  we  assume  that  the  plasma  is  in 
local  thermodynamic  equilibrium  (LTE)  and  the  flow  is  laminar.  The  dynamic 
differential  equations  governing  the  arc  and  the  electrodes  are: 


(2.1) 


^  +  v.M  =  o 
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+  V.pvh 


2e  a 


(2.3)  ^  +  V.  {pvv)  =  -  VP  +  J  X  +  Vn  + 

{2A)  V.  (ctVF)  =  0 

(2.5)  j  =  -aVF 

1 

(2.6)  --^{rB0)=fMojz 

n  is  the  viscous  stress  tensor,  g  is  gravity.  P  is  pressure,  T  is  temperature, 
V  is  velocity,  j  is  current  density,  V  is  electric  potential  and  Bq  is  azimuthal 
magnetic  field.  Input  material  functions  required  for  the  arc  plasma  and  the 
electrodes  are  density  p,  viscosity  t],  specific  heat  Cp,  thermal  conductivity  «, 
electrical  conductivity  cr,  enthalpy  h  and  the  radiation  loss  from  the  plasma  U 
per  unit  of  volume.  For  calculations  in  this  paper  for  pure  argon  with  a  wire 
of  mild  steel,  details  about  data  for  the  input  material  functions  for  the  plasma 
and  the  electrodes  can  be  found  in  references  [1]— [6]. 

The  effects  of  metal  vapour  issued  from  the  electrodes  on  the  plasma  material 
functions  are  neglected.  However,  these  effects  may  have  an  important  influence 
on  the  calculated  plasma  temperature.  For  the  droplet  at  the  tip  of  the  welding 
wire,  the  effects  of  metal  vapour  on  the  calculated  droplet  characteristics  are 
only  small.  Further  discussion  about  the  effects  of  metal  vapour  is  presented  in 
section  3.  Also,  a  detailed  analysis  of  these  effects  on  both  the  plasma  and  the 
welding  droplets  is  given  by  Haidar  [3]. 

For  the  cathode,  we  use  a  simple  treatment  based  on  conductivity  consid¬ 
erations  at  the  plasma-cathode  interface  [1].  For  GMAW,  where  the  cathode  is 
usually  a  non-refractory  metal,  there  may  be  important  electrode  sheath  effects. 
However,  here,  the  model  is  used  primarily  to  predict  properties  of  droplets  at 
the  anode,  and  there  is  a  strong  convective  flow  directed  towards  the  plane  cath¬ 
ode  so  that  effects  of  boundary  conditions  at  the  cathode  on  droplet  shape  should 
be  small. 

For  the  thermal  phenomena  within  the  wire,  we  consider  effects  due  to  the 
wire  feed  rate,  convection,  latent  heat  at  the  solid-liquid  interface,  ohmic  heating, 
conduction,  radiation  and  evaporation  from  the  droplet  surface  and  heat  transfer 
from  the  plasma.  For  the  heat  transferred  from  the  plasma  to  the  wire,  we 
include  a  detailed  treatment  of  the  plasma-anode  interactions,  accounting  for 
space  charge  effects  in  the  sheath  region  immediately  in  front  of  the  droplet 
surface.  Accordingly,  the  energy  balance  of  the  wire  is  modified  to  account  for 
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the  special  energy  requirements  at  the  wire  surface  and  equation  2.2  is  modified 
to  include  on  the  right  hand  side: 

(2.7)  Sa  =  ji(Vi-Vs  +  ^Ta'^+je{<P+^Tp'j-qevL-easBT^ 

where  the  first  two  terms  on  the  right  hand  side  of  this  equation  are  due  to 
current  transfer  and  sheath  effects.  The  third  term,  q^yL  describes  evaporation 
from  the  wire  surface  and  the  fourth  term,  describes  radiation  from  the 

wire  surface,  je  and  ji  are  the  current  densities  in  the  sheath  of  the  wire  anode 
due  to  electrons  and  ions  respectively,  je  and  ji  together  with  the  voltage  drop 
across  the  sheath  Vs  (Fg  <  0)  are  calculated  from  a  one  dimensional  treatment 
of  the  anode  sheath  [1].  Vi  is  the  first  ionization  potential  of  the  plasma  gas  and 
(j)  is  the  nominal  work  function  of  the  wire  surface.  Ta  is  the  temperature  of  the 
wire  surface  and  Tp  is  the  temperature  of  the  plasma  immediately  in  front  of  the 
wire.  asB  Is  the  Stefan-Boltzmann  constant,  e  is  the  electrode  surface  emissivity. 
Qev  =  is  the  evaporation  rate  in  g  s“\  and  T,  Pev  and 

rua  are  respectively  the  latent  heat  of  evaporation,  the  vapour  pressure  and  the 
atomic  mass  of  the  wire  material.  As  heat  transfer  from  the  plasma  to  the  wire 
through  charged  particles  is  included  in  the  sheath  treatment,  conventional  heat 
conduction  between  the  plasma  and  the  wire  is  limited  to  heat  transfer  through 
neutral  particles  from  the  plasma. 

Also,  the  energy  balance  of  the  plasma  in  front  of  the  wire  anode  is  equally 
modified  to  include  a  source  term  Sap  on  the  right  hand  side  of  equation  2.2, 
expressing  the  corresponding  cooling  effects  due  to  the  sheath. 

(2.8)  Sap  =  -ji  (Vi  +  -  je  -  I".)  +  "  k)  . 

Evaporation  from  the  droplet  surface  is  considered  using  a  Langmuir  type 
model,  where  it  is  assumed  that  evaporation  occurs  in  vacuum.  As  a  conse¬ 
quence,  the  calculated  evaporation  rates  represent  an  upper  limit  for  possible 
evaporation  from  the  droplet  surface  for  droplets  at  the  tip  of  the  welding  wire. 
The  calculations  show  that  even  with  this  maximum  evaporation  model,  the 
temperature  of  the  droplet  surface  in  the  arc  attachment  region  can  reach  more 
than  3000  K  which  is  above  the  boiling  temperature  of  mild  steel,  suggesting 
that  evaporation  from  the  droplet  surface  is  mostly  determined  by  the  droplet 
surface  temperature. 

For  the  dynamic  effects  in  the  welding  wire,  inertia,  gravity  and  magnetic 
pressure  and  the  viscous  drag  are  explicitly  included  in  equation  2.3.  The  arc 
pressure  at  the  arc- anode  interface  is  included  together  with  the  surface  ten¬ 
sion  pressure  through  a  boundary  condition  specifying  a  change  in  the  pressure 
just  inside  the  liquid  compared  with  the  external  plasma  pressure.  The  surface 
tension  pressure  is  expressed  as  Ps  —  7  (^  +  ;^)  j  7  is  the  surface  tension  co¬ 
efficient  at  the  local  surface  temperature  and  Ri  and  R2  are  principal  radii  of 
curvature  of  the  surface. 

The  effects  of  thermo  capillary  forces  due  to  the  variation  of  the  surface  ten¬ 
sion  coefficient  with  temperature  are  included  by  adding  a  source  term  to 
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the  right  hand  side  of  the  momentum  equation  at  the  droplet  surface;  $  is 
a  Marangoni  stress  tensor  parallel  to  the  surface  of  the  molten  metal,  where 
^  and  s  is  an  element  of  length  parallel  to  the  surface  relative  to  the 

(r,  z)  coordinate  system. 

The  changes  of  the  molten  metal  surface  as  a  function  of  time  are  determined 
using  the  ’’volume  of  fluid”  (VOF)  method  cite  l:hn.  In  this  method,  we  solve 
the  conservation  equation  of  the  fractional  volume  of  anode  metal,  F,  The  VOF 
method  allows  tracking  of  the  free  electrode  surface  by  connecting  those  cells 
with  fractional  metal  volume  less  than  one. 

Internal  boundary  conditions  at  the  arc- anode  interface  axe  set  as  described 
by  Haidar.  [1]  For  the  solid-liquid  interface  within  the  anode  region,  we  use  a 
free  pressure  boundary  condition  corresponding  to  a  constant  velocity  for  cells 
within  the  solid  metal.  For  calculations  using  equations  2. 1-2.6,  we  use  a  fixed 
wire  shape  over  a  period  St^  assuming  that  cells  in  the  calculation  domain  are 
full  of  metal  if  F  >  0.5  and  full  of  gas  if  F  <  0.5.  Boundary  conditions  for 
the  gas  velocities  are  specified  by  setting  normal  velocities  to  zero  for  cells  with 
0  <  F  <  0.5.  This  assumption  is  based  on  the  approximation  that  the  velocities 
of  the  metal  are  negligible  relative  to  the  gas  velocities;  maximum  velocity  in 
the  metal  was  found  to  be  generally  less  than  1%  of  the  gas  velocity.  At  the 
arc-anode  interface  we  use  a  free  surface  boundary  condition,  and  the  energy 
balance  equation  is  modified  so  that  metal  in  the  surface  cells  moves  in  or  out 
of  these  cells  at  the  same  temperature. 

External  boundary  conditions  used  in  this  paper  are:  a  temperature  of  300  K 
is  set  at  the  boundary  of  the  calculation  domain,  and  the  pressure  P  is  set  to 
1  atm  at  one  point  corresponding  to  point  d  in  Fig.  1.  For  GMAW,  the  wire 
feed  rate  is  incorporated  through  a  boundary  condition  for  Vz  along  ah.  The 
arc  current  is  specified  through  a  boundary  condition  for  jz  along  ab,  where 
jz  is  assumed  to  be  constant.  The  imposed  external  gas  flow  is  set  through  a 
boundary  condition  on  Vz  along  be  in  Fig.  1. 

For  GMAW,  the  time  varying  shape  of  molten  droplets  is  followed  only  while 
they  are  attached  to  the  anode.  Droplets  are  eliminated  from  the  calculation 
domain  after  detachment  from  the  wire.  Detachment  occurs  when  the  radius 
of  the  neck  of  a  droplet  is  comparable  to  one  or  two  mesh  points.  Towards  the 
end  of  droplet  detachment,  calculations  are  performed  over  a  few  grid  cells  only. 
The  resulting  low  spatial  resolution  in  the  radial  direction  results  in  a  slow  radial 
movement  of  the  molten  metal,  which  may  deform  the  shape  of  the  wire  towards 
the  end  of  droplet  detachment. 

For  the  calculations  in  the  present  paper,  we  set  the  mesh  size  at  the  plasma- 
electrode  interfaces  to  0.0075  cm  for  each  electrode.  For  a  region  of  up  0.6  cm  in 
the  axial  direction  and  up  to  0.8  cm  in  the  radial  direction  around  the  anode,  we 
use  a  uniform  mesh  with  a  grid  size  of  0.0075  cm  to  account  for  the  continuous 
movement  of  the  free  surface  of  the  molten  electrode. 

The  numerical  procedure  used  for  the  present  calculations  follows  the  SIM- 
PLEC  representation  of  Patankar  [8]  as  used  by  Haidar [1];  (a)  equations  2.1  - 
2.6  are  solved  at  a  time  t  for  a  given  shape  of  the  welding  wire,  (b)  the  distribu¬ 
tion  of  F  is  determined  using  the  velocity  distribution  obtained  from  (a) ,  (c)  the 
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surface  of  the  droplet  is  reconstructed  from  the  distribution  of  jP,  (d)  the  surface 
tension  is  updated  using  the  new  droplet  surface  configuration  and  (e)  the  time 
is  increased  by  St  and  a  new  round  of  calculation  is  started  from  (a). 

3.  Results  and  discussion 

Results  of  calculations  are  presented  in  this  section  for  arcs  operating  in  pure 
argon  at  1  atm,  with  an  imposed  external  gas  fiow  of  5  1/min.  The  wire  anode 
is  of  mild  steel  and  has  a  diameter  0.16  cm.  The  cathode  is  a  water  cooled  disk, 
also  of  mild  steel,  with  diameter  3  cm  and  thickness  0.5  cm.  The  calculation 
domain  has  a  radius  5.5  cm  and  a  length  corresponding  to  the  sum  of  the  initial 
wire  extension  length,  the  arc  length  and  the  cathode  plate  thickness.  The  wire 
extension  length,  Z,  is  calculated  according  to  the  arc  current,  wire  feed  rate, 
wire  diameter,  and  wire  material  properties.  At  i  =  0,  the  initial  arc  length  is 
set  to  0.8  cm,  and  the  initial  starting  conditions  correspond  to  an  undeformed 
wire  moving  at  a  speed  equal  to  the  wire  feed  rate. 

Table  1.  Results  of  calculations  for  a  mild  steel  wire  of  diameter  0.16  cm.  I  is  arc 
current,  v^ire  is  solid  wire  velocity,  d  is  droplet  diameter,  dt  is  droplet  formation 
time  and  i/drpi  is  droplet  detachment  frequency.  The  length  of  the  wire  extension 
is  3.2  cm  for  currents  below  250  A,  3  cm  for  275  A,  2.4  cm  for  300  A  and  2.2  cm 

for  325  A. 


I 

^wire 

d 

dt 

^drpl 

(A) 

cm  s~^ 

cm 

ms 

S“^ 

150 

3.55 

0.43 

570 

1.8 

200 

6.4 

0.31 

120 

8 

225 

8.1 

0.21 

30 

30 

250 

10 

0.17 

13 

75 

275 

10 

<0.15 

9 

>110 

300 

10 

<0.135 

7 

>145 

325 

10 

<0.12 

5 

>200 

The  effects  of  surface  tension  have  an  important  influence  on  the  calculated 
droplet  formation  time.  The  surface  tension  coefficient  depend  on  impurities  in 
the  metal  wire.  The  concentration  of  impurities  in  the  wire  at  the  surface  of 
the  molten  welding  droplet  may  differ  from  their  concentration  in  the  bulk  of 
the  wire,  depending  upon  several  factors  such  as  droplet  surface  temperature, 
vapor  pressure  of  the  impurities.  As  it  is  not  possible  to  include  these  effects 
in  the  calculations,  the  calculated  results  may  include  some  uncertainties  due  to 
surface  tension  coefficients.  For  calculations  in  this  paper  with  a  wire  of  mild 
steel,  we  use  the  values  used  by  Lin  and  Eagar  [9]  and  they  range  from  1.5  Nm~^ 
at  1800  K  to  1.15  Nm“^  at  2700  K.  According  to  Lin  and  Eagar,  these  values 
are  for  steel  without  surface  active  elements.  For  the  calculations  presented  in 
this  section,  the  effects  due  to  the  variation  of  the  surface  tension  coefficient 
with  surface  temperature  are  limited  to  the  effects  of  surface  tension  pressure 

Ps  =  l{T)  ,  which  is  due  to  surface  curvature;  Ri  and  R2  are  the  radii 
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of  curvature  of  the  surface.  The  Marangoni  effect  expressed  through  the  surface 
tension  stress  tensor  is  omitted. 

Table  1  summarizes  results  for  calculations  made  for  a  mild  steel  wire  of 
diameter  0.16  cm  with  arc  currents  between  150  A  and  325  A.  Examples  of  the 
corresponding  results  of  calculated  droplet  shape  are  shown  in  Fig.  2  for  currents 
200  A,  225  A,  250  A  and  300  A.  These  results  illustrate  tlie  transition  from  the 


dt=  120ins  dt=  30ms  dt=  13ms  dt=  7ms 


r(cm)  r{cm)  r(cm)  r(cm) 

Fig.  2.  Predicted  droplet  shapes  at  currents  (a)  200  A,  (b)  225  A,  (c)  250  A  and  (d)  300  A. 

The  wire  is  of  mild  steel  and  has  a  diameter  0.16  cm.  dt  is  droplet  formation  time. 

globular  mode  of  metal  transfer  in  Fig.  2(a)  and  (b)  at  currents  below  250  A, 
to  the  spray  transfer  mode  in  Fig.  2(c)  and  2(d)  at  currents  above  250  A.  At  a 
current  of  300  A,  it  is  seen  in  Fig.  2(d)  that  the  shape  of  droplets  at  the  tip  of 
the  wire  is  somewhat  cylindrical  rather  than  elliptical  as  in  Fig.  2(a)  and  2(b). 
This  cylindrical  shape  is  consistent  with  the  streaming  mode  of  metal  transfer 
observed  in  GMAW. 

In  Fig.  3  we  compare  the  calculated  droplet  diameters  in  Table  1  with  exper¬ 
imental  measurements  of  Kim  and  Eagar  [10].  The  experimental  measurements 
are  for  an  argon  shielding  gas  containing  2%  oxygen,  and  the  theoretical  predic¬ 
tions  are  for  pure  argon.  However,  this  is  not  expected  to  have  a  major  effect  on 
the  validity  of  the  comparison  presented  here  [11]. 

Separate  calculations  made  to  simulate  the  effects  of  the  various  forces  acting 
on  the  molten  droplet  at  the  tip  of  the  welding  wire  show  that  the  predominant 
effect  for  the  transition  from  the  globular  mode  of  metal  transfer  to  the  spray 
mode  of  metal  transfer  is  due  to  the  radial  component  of  the  magnetic  force 
jz  X  Be-  For  calculations  made  without  including  the  effects  of  jz  x  "we  find 
that  large  droplets  are  formed  at  the  tip  of  the  wire  for  all  currents  up  to  more 
than  300  A  [5], 

In  Fig.  4  we  present  an  example  of  the  calculated  instantaneous  distributions 
of  temperature  and  velocity.  Fig.  4(a)  shows  temperature  and  Fig.  4(b)  velocity 
for  the  globular  mode  of  metal  transfer  at  a  current  of  200  A,  corresponding  to 
the  results  in  Fig.  2(b)  at  t  =  112  ms.  At  this  instant  during  droplet  growth, 
the  maximum  temperature  calculated  in  the  droplet  is  around  3000  K  near  the 
droplet  base  in  the  arc-wire  attachment  region.  The  corresponding  maximum 
velocity  within  the  molten  drop  is  0.2  ms“\  calculated  on  the  wire  axis  near 
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FIG.  3.  A  comparison  between  calculated  droplet  diameter  (Table  1)  and  experimental 
measurements  by  Kim  and  Eagar  [10].  I  is  the  wire  extension  length. 


the  droplet  neck.  A  maximum  pressure  of  3  kPa  above  atmospheric  pressure  is 
calculated  in  the  neck  region.  The  maximum  current  density  at  the  surface  of 
the  droplet  is  9  •  10^  Acm“^.  For  the  plasma,  the  maximum  calculated  values 
for  temperature,  pressure  and  velocity  are  respectively  21000  K,  1.2  kPa  above 
atmospheric  pressure  and  305  ms”'^  The  calculated  voltage  drop  of  the  anode 
sheath  is  negative  and  is  less  than  2.4  V  and  the  total  arc  voltage  is  17  V. 


FIG.  4,  Details  of  calculations  at  t  =  112  ms  for  a  mild  steel  wire  of  diameter  0.16  cm  at  a 
current  of  200  A;  (a)  temperature  contours  within  the  arc  and  the  electrode.  The  outermost 
contour  is  800  K,  the  second  is  3000  K  and  other  contour  intervals  are  3000  K.  (b)  a  vector 
plot  of  velocity  within  the  molten  metal  droplet  and  the  adjoining  plasma;  different  scales  are 
used  for  the  plasma  and  the  molten  metal  inside  the  droplet. 
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Metal  vapour  in  the  plasma  may  have  a  large  influence  on  the  calculated 
plasma  temperatures.  Here  for  calculations  made  without  the  effects  of  metal 
vapour,  we  calculate  plasma  temperatures  of  more  than  20000  K  in  the  central 
region  of  the  arc  around  the  arc  axis,  decreasing  to  less  than  10000  K  at  radial 
positions  about  5  mm  from  the  axis.  For  GMAW,  spectroscopic  measurements  of 
plasma  temperatures  in  the  literature  [12]  made  using  metal  vapor  lines  suggest 
that  the  temperatures  of  the  plasma  in  the  central  region  of  the  arc  are  around 
7000  K,  for  a  wire  of  mild  steel,  increasing  to  more  than  11000  K  away  from 
the  arc  axis.  However,  other  measurements  using  an  aluminium  wire  suggest  a 
plasma  temperature  in  excess  of  17000  K  [12]  although  steel  and  aluminium  are 
expected  to  have  similar  influences  on  the  plasma.  These  differences  between 
the  measured  temperatures  illustrate  the  difficulties  of  measuring  the  plasma 
temperature  in  GMAW  and  suggest  large  uncertainties  in  the  measured  temper¬ 
ature.  Within  the  context  of  the  model  presented  in  this  paper,  heat  transfer 
from  the  plasma  to  the  wire  depends  more  on  the  electron  number  density  in 
the  plasma  than  on  the  plasma  temperature.  As  mentioned  before,  we  expect 
that  neglecting  the  effects  of  metal  vapour  will  have  only  a  minor  influence  on 
the  calculated  droplet  characteristics,  including  evaporation  from  the  droplet 
surface  [3].  Numerical  calculations  made  without  including  the  direct  effects 
of  the  plasma  temperature  show  that  the  direct  effects  of  plasma  temperature 
contributes  less  than  10%  to  the  evaporation  from  the  wire  surface.  The  main 
heating  effects  at  the  droplet  surface  are  due  to  electron  condensation  and  sheath 
effects.  These  heating  effects  are  mostly  determined  by  the  electron  number  den¬ 
sity  in  the  plasma,  ng,  and  for  the  range  of  the  calculated  plasma  temperatures 
for  pure  argon  and  the  measured  plasma  temperature  for  metal-vapor  argon 
plasma  cite  1 :1a,  l:ac,  we  calculate  similar  values  for  ng. 

As  mentioned  before,  the  effects  of  Marangoni  forces  are  not  included  in  the 
calculations  presented  in  Figs  2,  3  and  4.  We  find  that  for  calculations  with  a  mild 
steel  wire  of  diameter  0.12  cm,  the  influence  of  the  Marangoni  forces  increases 
droplet  formation  times  by  more  than  50%,  with  increases  in  the  current  corre¬ 
sponding  to  the  transition  from  the  globular  mode  to  the  spray  mode  of  metal 
transfer  from  around  200  A  for  calculations  made  without  the  Marangnoni  effect 
to  more  than  230  A  when  this  effect  in  included.  These  results  are  consistent 
with  experimental  observations  reported  in  the  literature  indicating  changes  in 
droplet  size  and  droplet  detachment  frequency  depending  upon  the  purity  of  the 
gas  and  the  composition  of  wire  materials,  which  can  have  a  large  effect  on  7. 

In  GMAW,  formation  of  welding  fume  depends  largely  on  heat  transfer  phe¬ 
nomena  in  the  welding  wire  and  in  the  arc.  Heat  transfer  processes  resulting  in 
net  contributions  to  the  energy  balance  of  the  wire,  including  the  welding  droplet 
at  the  end  of  the  wire,  are  ohmic  heating  in  the  wire  by  the  arc  current  Eoh’,  heat 
transferred  from  the  plasma  to  the  droplet  due  to  current  transfer  between  the 
plasma  and  the  wire  Ee,  conventional  heat  conduction  from  the  plasma  through 
neutral  particles  Ep^  evaporation  from  the  surface  of  the  droplet  at  the  tip  of  the 
wire  Ev,  heat  losses  due  to  metal  transfer  in  the  form  of  droplets  detaching  from 
the  wire  tip  Em,  black  body  radiation  from  the  wire  surface  Er,  and  conduction 
through  the  end  of  the  wire  at  a  temperature  of  300  K  E^.  Here,  we  present 
results  for  the  integrated  values  over  the  total  volume  of  the  wire  of  Eo^,  E^  and 
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Ep  ^  Ejyi^  E'p  3<Il(i  E}*. 

In  Fig.  5  we  show  details  of  calculated  droplet  shape  as  a  function  of  time  for 
a  current  of  200  A  corresponding  to  the  globular  mode  of  metal  transfer.  The 

t=  0.8iii$  t:::40.ins  tsSO.ms  t=  117.iiis 
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FIG.  5.  Examples  of  drop  development  for  a  wire  of  mild  steel.  The  wire  diameter  is  0.16  cm 

and  the  arc  current  is  200  A. 

droplet  shape  in  Fig.  5(a)  is  at  a  time  t  =  0.8  ms  at  the  beginning  of  droplet 
growth  and  the  droplet  shape  in  Fig.  5(d)  is  at  a  time  t  =  117  ms  just  before 
droplet  detachment.  Fig.  6(a)  shows  details  of  heating  effects  in  the  wire;  Eoh, 
Eg  and  Ep.  Also,  Fig.  6(a)  shows  the  voltage  drop  in  the  wire  Vwire  taken  as 


Time  (ms)  Time  (ms) 

FIG.  6.  6(a):  Variation  in  time  of  the  heat  components  in  the  welding  wire,  Eoh,  Ee  and  Ep. 
The  voltage  drop  in  the  wire  Vwire  is  also  shown  on  the  right  hand  side  vertical  axis.  The  arc 
current  is  200  A.  6(b):  A  plot  of  total  heat  loss  from  the  droplet  due  to  evaporation  E^ 
together  with  the  instantaneous  evaporation  rate  r.  Em^  Er  and  Ek  are  also  shown.  The  arc 

current  is  200  A. 

Eoh/E,  I  is  the  arc  current.  Details  of  calculated  heat  losses  from  the  wire  are 
shown  in  Fig.  6(b);  Ey^  Em,  E^  and  E}-.  Heat  losses  from  the  wire  due  to 
droplet  detachment  occur  only  at  the  time  of  detachment.  For  the  results  in 
Fig.  6(b),  Em  is  shown  as  a  time  average  quantity  for  comparison  with  other 
heat  processes.  Also,  in  Figure  6(b)  we  show  the  instantaneous  evaporation  rate 
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from  the  surface  of  the  molten  metal  at  the  tip  of  the  wire  r  in  gmin“^,  taken 
as  60  X  EyjL,  As  mentioned  above,  L  is  the  latent  heat  of  evaporation  of  the 
wire  materials,  and  for  mild  steel  we  take  L  to  be  equal  to  7415  Jg“^. 

It  is  seen  in  Fig.  6(a)  that  ohmic  heating  in  the  wire  and  the  corresponding 
wire  voltage  drop  remain  almost  unchanged  during  most  of  the  formation  time  of 
the  droplets.  However,  towards  the  end  of  droplet  growth  at  the  tip  of  the  wire 
during  necking  of  the  droplet,  there  is  an  increase  in  Eoh  and  thus  V^ire  due  to  a 
decrease  in  the  cross  section  area  of  the  wire  at  the  level  of  the  droplet  neck.  For 
the  energy  due  to  current  transfer  E^^  we  calculate  large  oscillations  of  up  to  300 
W,  resulting  from  a  combination  of  factors,  including  oscillations  in  the  droplet 
base  and  changes  to  the  volume  of  the  molten  metal  droplet  at  the  tip  of  the 
wire  due  to  droplet  growth.  These  surface  oscillations  are  due  to  physical  effects 
mostly  associated  with  pressure  variations  inside  the  molten  metal  droplet.  Most 
forces  acting  on  the  droplet  can  change  direction  depending  upon  the  current 
density  distribution  and  the  droplet  shape.  We  find  that  gravity  is  the  only  force 
that  tend  to  stabilise  the  droplet.  For  calculations  made  without  the  effects  of 
gravity,  we  calculate  increases  in  the  amplitude  of  the  droplet  surface  oscillations 

[5]. 

For  the  evaporation  from  the  droplet  surface,  it  is  seen  in  Fig.  6(b)  that 
there  are  large  variations  in  the  calculated  evaporation  rate,  synchronised  with 
the  oscillations  in  Ee  and  Ep  observed  in  Fig.  6(a).  For  droplets  at  the  tip  of  the 
welding  wire,  we  find  that  the  calculated  droplet  surface  temperature  near  the 
droplet  base  in  the  region  of  the  arc-wire  attachment  region  is  near  the  boiling 
temperature  of  the  wire  material,  which  is  around  3000  K.  Thus,  most  of  the 
metal  vapour  from  the  droplet  is  emitted  from  the  region  of  the  droplet  surface 
near  the  droplet  base.  As  mentioned  before,  arc  instabilities  result  in  transitory 
increases  in  the  size  of  the  arc-wire  attachment  region.  As  a  result,  the  average 
heat  per  unit  of  area  incident  on  the  droplet  surface  due  to  current  transfer 
decreases,  leading  to  transitory  decreases  in  the  evaporation  from  the  droplet 
surface.  We  suggest  that  these  calculated  arc  instabilities  are  equivalent  to  the 
erratic  arc  behavior  usually  observed  in  arc  welding  at  currents  corresponding 
to  the  globular  mode  of  metal  transfer. 

On  a  time  scale  larger  than  that  of  the  calculated  arc  instabilities,  the  aver¬ 
age  evaporation  rate  from  the  droplet  surface  remains  almost  unchanged  during 
droplet  growth,  suggesting  that  r  is  mostly  limited  by  the  droplet  surface  tem¬ 
perature  and  not  by  the  surface  area  of  the  droplet.  The  average  evaporation 
rate  for  the  results  in  Fig.  6(b)  is  8.9  gmin“^.  Heat  losses  due  to  conduction 
and  black  body  radiation  are  very  small  compared  to  Ee  and  Eoh- 

Fig.  7  and  8  show  details  for  calculations  at  a  current  of  300  A  corresponding 
to  the  spray  mode  of  metal  transfer.  Fig.  7  shows  examples  of  droplet  develop¬ 
ment  from  a  time  t  =  22.4  ms  in  Fig.  7(a)  at  the  beginning  of  droplet  growth 
just  after  detachment  of  the  preceding  droplet  to  a  time  t  =  29.2  ms  in  Fig.  7(d) 
just  before  droplet  detachment.  Fig.  8(a)  shows  the  calculated  heat  effects  in 
the  wire;  Eohy  Ee^  E^  and  Er,  and  also  Vwire’  Heat  losses  due  to  evaporation  Ey, 
together  with  calculated  evaporation  rates  in  gmin“^  are  shown  in  Fig.  8(b). 
The  droplet  shape  in  Fig.  7(a)  at  t  =  22.4  ms  corresponds  to  the  minimum  wire 
voltage  in  Fig.  8(a)  and  to  the  minimum  evaporation  rate  in  Fig.  8(b).  The 
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t=  22.4  ms  t=  24.8  ms  t=  11.1  ms  t=  29.2  ms 


r(cm)  r(cin)  r(cm)  r(cin) 


FIG.  7.  Examples  of  drop  development  for  a  wire  of  mild  steel.  The  wire  diameter  is  0.16  cm 

and  the  arc  current  is  300  A. 


droplet  shape  in  Fig.  7(d)  at  t  ~  29.2  ms  just  before  droplet  detachment  corre¬ 
sponds  to  the  maximum  wire  voltage  in  Fig.  8(a)  and  the  maximum  evaporation 
rate  in  Fig.  8(b).  It  is  seen  in  Fig.  8(b)  that  the  voltage  drop  in  the  wire  Y^ire 
is  around  4  V  near  the  beginning  of  droplet  growth,  increasing  to  more  than  10 
V  at  t  =  29.2  ms  just  before  droplet  detachment  due  to  changes  in  the  droplet 
length  and  shape.  The  sharp  increase  in  V<^ire  towards  the  end  of  the  droplet 
growth,  just  before  droplet  detachment,  is  due  to  a  decrease  in  the  cross  sectional 
area  of  the  wire  at  the  level  of  the  droplet  neck.  It  is  also  seen  that  detachment 
of  the  droplet  results  in  a  sharp  decrease  in  Vwire  associated  with  the  loss  of  the 
droplet. 


FIG.  8.  8(a):  Variation  in  time  of  the  heat  components  in  the  welding  wire,  Eoh,  and  Ep. 
The  voltage  drop  in  the  wire  Vwire  is  also  shown  on  the  right  hand  side  vertical  axis.  The  arc 
current  is  300  A.  8(b):  A  plot  of  total  heat  loss  from  the  droplet  due  to  evaporation  Ey 
together  with  the  instantaneous  evaporation  rate  r.  Em,  Er  and  Ek  are  also  shown.  The  arc 

current  is  300  A. 

The  heat  transfer  to  the  wire  due  to  current  transfer,  remains  largely 
unaffected  by  droplet  detachment.  However,  it  can  be  seen  in  Fig.  8(a)  that 
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there  are  oscillations  in  all  of  Ee,  Eoh  and  Ep  due  to  changes  in  the  droplet 
shape  during  droplet  growth  at  the  tip  of  the  wire.  These  oscillations  may  reflect 
the  unsteady  nature  of  the  welding  arc.  As  mentioned  before,  heat  conduction 
through  the  wire  bulk  and  heat  loss  due  to  black  body  radiation  are  very  small 
at  7  W  and  16  W  respectively. 

Fig.  8(b)  shows  that  the  heat  loss  due  to  evaporation,  E^^  increases  from  less 
than  200  W  just  after  detachment  of  the  preceding  droplet  to  more  than  2000  W 
just  before  droplet  detachment.  This  heat  of  evaporation  has  some  correlation 
with  ohmic  heating  in  the  wire  bulk  by  the  arc  current,  both  rising  sharply  in 
time  as  the  droplet  grows  at  the  tip  of  the  wire.  Also,  the  calculated  evaporation 
rate  increases  from  less  than  1  gmin“^  just  after  detachment  of  the  preceding 
droplet  to  more  than  10  gmin~^  just  before  droplet  detachment,  resulting  in  an 
average  evaporation  rate  of  around  8.9  gmin“^. 

In  Fig.  9,  we  present  the  average  evaporation  rate  r  together  with  the  per¬ 
centage  9  of  metal  vapour  produced  relative  to  the  consumed  wire  for  arc  currents 
between  150  A  and  325  A.  It  is  seen  that  r  has  a  minor  local  maximum  of  8.9 


Current  (A) 


Current  (A) 


FIG.  9.  Average  evaporation  rate  in  gmin”^  FIG.  10.  Calculated  mean  droplet 

as  a  function  of  arc  current.  temperature  and  droplet  detachment 

frequency  for  arc  currents  between  150  A 
and  325  A. 


gmin”^  at  a  current  of  200  A  in  the  globular  mode  of  metal  transfer,  decreasing 
to  8.1  gmin~^  at  a  current  of  300  A  in  the  spray  mode  of  metal  transfer.  For 
a  current  of  325  A,  r  is  high  again.  The  percentage  of  metal  vapour  produced 
relative  to  the  consumed  wire  decreases  from  more  than  19%  at  150  A  to  around 
8%  at  currents  above  300  A. 

Fig.  10  shows  the  calculated  mean  temperature  of  droplets  Tmean  at  the 
time  of  detachment  from  the  wire.  Here,  it  is  seen  that  there  is  an  increase  in 
Tmean  at  a  Current  of  around  250  A,  corresponding  to  the  transition  from  the 
globular  mode  to  the  spray  mode  of  metal  transfer.  For  currents  in  the  globular 
mode  of  metal  transfer,  Tmean  is  around  2000  K,  increasing  to  more  2600  K  at 
a  current  of  300  A  in  the  spray  mode  of  metal  transfer.  Also,  Fig.  10  shows  the 
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corresponding  variation  of  the  calculated  droplet  detachment  frequency  i/.  The 
variation  of  Tmean  is  strongly  correlated  with  that  of  z/,  both  increasing  sharply 
at  around  250  A,  at  the  transition  from  the  globular  to  the  spray  mode  of  metal 
transfer.  The  increase  in  Tmean  with  arc  current  at  this  transition  is  due  to 
increases  in  the  ratio  of  the  droplet  surface  area  that  is  covered  by  plasma  to  the 
droplet  volume,  leading  to  a  more  efficient  heating  of  the  molten  metal  droplet. 

For  the  results  in  this  paper,  ohmic  heating  in  the  wire  and  the  droplet 
contributes  about  80%  of  the  heat  required  to  melt  the  wire  metal  fed  into 
the  arc.  Heat  losses  from  the  wire  are  dominated  by  evaporation  and  cooling 
effects  due  to  droplet  detachment.  For  current  transfer  at  the  droplet  surface, 
the  resulting  heating  effects  are  localized  on  the  surface  and  they  are  primarily 
responsible  for  increasing  the  surface  temperature  and  causing  evaporation. 

In  GMAW,  measurements  of  fume  formation  rates  (FFR)  for  mild  steel  wires 
indicate  that  the  measured  FFR  are  less  than  0.5  gmin“^,  corresponding  to  less 
than  1%  of  the  weight  of  the  consumed  wire.  The  calculations  in  this  paper  show 
that  the  calculated  evaporation  rate  from  the  droplet,  during  droplet  growth  at 
the  wire  tip,  are  more  than  6  gmin“^  for  all  currents  above  150  A. 

We  suggest  that  the  large  differences  between  the  calculated  evaporation  rates 
and  the  measured  FFR  are  mainly  due  to  recondensation  of  most  of  the  metal 
vapour  emitted  from  the  droplet  on  the  surface  of  the  work  piece.  In  GMAW, 
the  arc  magnetohydrodynamics  result  in  a  strong  plasma  flow  in  the  arc  directed 
downwards  from  the  droplet  towards  the  workpiece.  This  plasma  flow  drives 
most  of  the  metal  vapour  away  from  the  region  near  the  droplet  and  towards 
the  surface  of  the  workpiece,  which  is  at  a  low  temperature,  providing  suitable 
conditions  for  the  recondensation  of  the  metal  vapour.  Preliminary  calculations 
of  the  recondensation  effects  performed  for  an  arc  current  of  300  A  suggest  that 
more  than  85%  of  metal  vapour  emitted  from  the  welding  wire  recondenses  on 
the  surface  of  the  workpiece. 

The  presence  of  an  important  recondensation  process  at  the  surface  of  the 
weld  pool  in  GMAW  is  supported  by  the  experimental  measurements  of  Acinger 
et  al  [13],  who  found  that  the  vapour  collected  on  the  workpiece  represented 
around  4  to  5%  of  the  total  weight  of  the  wire  consumed  for  arc  currents  between 
280  and  300  A,  However,  because  of  the  experimental  arrangement,  metal  vapour 
from  the  droplets  was  only  partly  collected.  For  the  calculations  in  this  paper 
at  a  current  of  250  A,  we  predict  that  the  metal  evaporated  from  the  droplets 
formed  at  the  tip  of  the  wire  is  around  10%  of  the  total  consumed  metal.  For 
experimental  conditions  similar  to  those  used  by  Acinger  et  al,  measured  FFR 
is  less  than  1%  of  the  consumed  wire  [14].  The  experimental  measurements  of 
Acinger  et  al.  suggest  that  most  of  the  metal  vapour  from  the  metal  wire  fed 
into  the  arc  is  condensed  on  the  workpiece. 

Another  possible  reason  for  the  large  difference  between  the  calculated  evapo¬ 
ration  rates  and  the  measured  FFR  is  the  assumption  regarding  evaporation  from 
the  droplet  surface.  As  mentioned  before,  for  the  calculations  in  this  paper,  we 
use  a  Langmuir  type  model  and  the  calculated  evaporation  rates  represent  an 
upper  limit. 
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4.  Summary 

Predictions  have  been  made  of  droplet  formation  in  gas  metal  arc  welding  for 
mild  steel  wires  of  diameter  0.16  cm.  The  predicted  droplet  diameter  and  droplet 
detachment  frequency  agree  with  experimental  measurements  in  the  literature. 
Also,  predictions  have  been  made  for  the  transition  from  the  globular  to  the 
spray  mode  of  metal  transfer  that  agree  with  experiment.  Predictions  have  also 
been  made  for  metal  vapour  emission  which  indicate  a  large  amount  of  metal 
vapour  in  the  plasma  and  an  important  recondensation  at  the  surface  of  the 
workpiece  cathode. 
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Highly  active  coronas  with  a  peak  power  of  up  to  25  MW  p/m  corona  wire  and  kJ/liter  energy 
densities  in  the  streamer  channels  can  be  produced  by  pulsed  power.  Since  the  voltage  pulses 
are  short,  full  breakdown  does  not  occur  even  though  the  discharge  currents  are  hundreds  of 
Amperes.  A  matched  pulsed  power  source  can  deposit  up  to  80%  of  its  electrical  energy  into 
such  a  controlled  discharge.  Reliable  and  efficient  sources  characterized  by  100  kV,  150  ns  wide 
pulses  at  1000  Hz  have  passed  400  hours  of  operation.  The  area  of  applications  is  growing: 
VOC  control,  hot  gas  cleanup,  water  and  air  purification  and  sterilization. 


1.  Introduction 

Pulsed  power  is  used  to  generate  high-voltage  discharges  for  corona  production 
in  gases  and  in  liquids  [1,  2,  3],  see  Fig.  1.  The  energy  is  deposited  at  a  high 
repetition  rate  in  brief  pulses  and  fairly  homogeneously  in  the  medium.  Oper¬ 
ating  over  a  wide  pressure  and  temperature  range  and  in  various  media,  corona 
generates  ions,  electrons,  free  radicals  and  excited  molecules.  Bond  cleavage  by 
electrons,  interactions  through  radicals,  charging  of  aerosols  and  damage  by  lo¬ 
cal  UV,  high  fields  and  shock  waves  are  some  of  the  important  mechanisms  in 
applications.  Pollutants  as  well  as  micro-organisms  are  attacked  [2,  3,  4,  5,  6]. 

The  specific  parameters  of  the  pulsed  power  source  are  determined  by  a  match 
between  the  reactor  processes,  the  transient  corona  load  and  the  pulse  source. 
With  respect  to  EMC,  methods  have  been  developed  to  effectively  suppress  in¬ 
terference  [7].  Sensitive  apparatus  for  analysis  can  therefore  operate  correctly, 
close  to  the  pulse  source.  With  a  technology  that  runs  reliably  for  a  variety  of 
processes  we  have  a  promising  alternative  to  existing  techniques  for  purification 
and  environmental  protection. 

Research  is  concentrating  on  the  separate  energy  conversion  steps  and  at¬ 
tainable  efficiencies  and  effects  of  specific  pulsed  power  corona  processes.  Key 
items  are  process  technology,  reactor  design,  pulsed  power  reliability,  streamer 
corona  and  conversion  efficiency.  Key  parameters  are:  electrode  dimensions,  gas 
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FIG.  1.  Main  components  of  a  pulsed  power  corona  unit  for  air  treatment. 


or  liquid  composition,  process  temperature,  residence  time,  discharge  duration, 
energy  density  of  the  discharge,  voltage  level,  pulse  rise  time  and  pulse  repetition 
rate. 

Results  are  used  for  development  of  real  applications  over  a  wide  range  [2,  3, 
4,  5,  6,  8,  9,  10,  11,  12]:  from  NO  removal  to  water  treatment,  soil  cleanup  and 
odor  reduction.  Interesting  examples  can  be  given  for  cleaning  of  biogas  from 
wood  gasifiers,  inactivation  of  micro-organisms,  odor  removal  and  decomposition 
of  VOC’s. 


2.  Micro-organisms 

The  use  of  pulsed  electric  fields  (PEF)  for  pasteurization  of  milk  and  fruit  juices 
has  gained  much  popularity  and  is  a  promising  non-thermal  alternative  to  con¬ 
ventional  pasteurization  methods.  Possible  mechanisms  of  inactivation  of  bac¬ 
teria  cells  with  PEF  are  perforation  of  the  cell  membrane  due  to  high  voltages 
across  the  membrane  or  due  to  current  concentration  in  the  pores.  In  a  cell  mem¬ 
brane,  protein  channels  and  pores  are  present  [13,  14].  The  opening  and  closing 
of  many  channels  constituted  by  proteins  depends  on  the  trans-membrane  volt¬ 
age  difference  [6,  15,  16].  When  PEF  is  applied,  many  voltage-sensitive  protein 
channels  may  open,  and  when  the  voltage  difference  reaches  150-500  mV,  the 
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lipid  bilayer  breaks  down. 

It  is  observed  that  when  a  cell  membrane  is  exposed  to  an  electric  field 
larger  than  about  25  kV / cm,  irreversible  electric  breakdown  of  the  cell  membrane 
occurs  [5,  17].  The  extent  of  inactivation  depends  on  the  strength,  duration  and 
form  of  the  electric  pulses  [18].  Pulses  with  a  duration  of  100  -  200  ns  are 
reported  to  provide  an  efficient  inactivation  of  micro-organisms  [19].  Various 
types  of  treatment  chambers  are  connected  to  pulse  sources  (Fig.  2),  [20,  21,  22] 
and  are  tested  for  effectiveness.  A  number  of  patents  exists  in  this  field,  such  as 
the  patent  [23],  obtained  for  the  treatment  chamber  shown  in  Fig.  2a. 


FIG.  2.  Types  of  treatment  chambers  for  inactivation  of  micro-organisms  by  pulsed  power. 

A  “  Perpendicular  flow.  B  -  Parallel  flow.  C  -  Bubbling  needle.  D  -  Wire  cylinder. 

If  taste  and  food  qualities  are  not  the  important  issues  a  more  effective  pulsed 
power  method  for  inactivation  of  micro  organisms  is  direct  application  of  pulsed 
corona  in  the  liquid  [20,  21,  22].  This  pulsed  corona  method  (POOR)  is  based 
on  the  creation  of  inhomogeneous  electric  fields  that  are  sufficiently  high  to 
generate  corona  discharges  in  the  liquid.  Discharge  products  such  as  radicals, 
ozone,  aqueous  electrons  and  UV  are  produced  directly  in  the  liquid  to  inactivate 
the  bacteria. 

An  airflow  can  also  be  treated  with  pulsed  corona  to  kill  or  to  remove  micro 
organisms.  Here  a  similar  interaction  of  discharge  products  and  organisms  is 
the  supposed  mechanism.  A  second  possible  mechanism  in  gases  is  electrostatic 
precipitation  (ESP)  of  bacteria.  In  this  case  the  collected  dust  of  micro  organisms 
would  have  to  be  collected  in  an  extremely  careful  way  to  reach  the  required 
considerable  reduction  on  a  log  scale. 

Both  PEF  and  POOR  require  high  voltages  that  are  generated  across  a  liquid 
load.  To  effectively  apply  high  voltage  to  a  conducting  liquid,  fast  rise  times  and 
narrow  pulses  are  needed  to  reduce  the  amount  of  dissipation. 

The  liquid,  considered  as  a  combination  of  resistance  and  capacitance,  re¬ 
sponds  to  the  pulse  by  means  of  characteristic  RC  time  constants  and  voltage 
division  over  impedance  ratios.  Various  subsystems  in  the  liquid  have  differ¬ 
ent  constants.  The  time  constant  of  the  liquid  itself  may  vary  from  less  than  a 
nanosecond  to  ten  nanoseconds.  Cell  membranes  have  time  constants  in  the  same 
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range.  The  pulse  source  connected  to  this  liquid  system  produces  a  waveform 
which  also  depends  on  the  impedance  (and  inductance)  of  the  source. 


3.  Biogas 

Pulsed  power  for  biogas  conditioning  but  also  for  the  synthesis  of  chemicals  from 
biomass  sources  can  be  a  welcome  tool  for  sustainable  technology. 

We  concentrate  on  the  removal  of  tar  in  the  high  temperature  gas  in  the 
exhaust  of  a  thermal  biomass  gasifier.  Pulsed  corona  seems  to  be  the  only  ef¬ 
ficient  and  simple  technology  that  is  perfectly  matched  for  high  temperature 
conditioning  of  gases  [24,  25],  For  conventional  technology,  cleaning  of  a  high 
temperature  gas  flow  is  a  serious  problem  in  many  cases  of  thermal  gasification, 
waste  incineration  and  similar. 

We  showed  that  pulsed  corona  runs  excellently  at  temperatures  of  800^(7 
and  higher,  even  under  polluted  conditions,  see  Fig.  3.  Adapting  pulsed  high 
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Fig.  3.  Existence  region  for  pulsed  corona  as  a  function  of  temperature  (ms  pulses,  low 

repetition  rate). 

voltage  to  deposit  intense  electric  energy  into  a  hot  gas  we  can  promote  cracking 
of  various  undesired  tar  components  [24,  25,  26], 

Our  pulsed  power  research  concentrates  on  efficient  methods  for  pulsed 
high-voltage  generation  and  on  matching  of  pulse  forming  networks  to  high- 
temperature  gaseous  media. 

An  intense  cleaning  effect  was  found  at  low  temperatures.  For  several  hy¬ 
drocarbons  we  measured  a  high  removal  efficiency  at  acceptable  levels  of  input 
energy.  Well  controlled  energy  transfer  from  source  to  corona  was  found  to  be 
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possible  for  hot  exhaust  gas.  These  findings  now  are  extrapolated  to  design  our 
corona  treatment  of  hot  biogas. 


4.  Conversion  of  electric  power  into  corona  assisted  chennical  processes 

To  convert  electrical  power  from  the  mains  AC  to  the  processes  in  a  reactor 
one  often  has  the  following  energy  transfer  steps,  see  Fig.  4.  After  a  converter 


FIG.  4.  Main  components  of  a  system  for  generation  of  repetitive  high-voltage  pulses. 

for  AC  mains  power,  a  pulse  charging  circuit  uses  this  power  to  produce  high- 
voltage  pulses.  The  pulse  charging  unit  contains  resonant  charging  circuits, 
pulse  compression  techniques  and  pulse  transformers.  It  also  contains  solid  state 
switches  and  magnetic  or  gas  discharge  switches.  The  pulse  forming  network 
adapts  the  pulse  to  be  fed  to  the  load.  The  load  is  the  pulsed  corona  reactor. 

Energy  is  transferred  in  three  steps: 

1.  Mains  AC  power  is  converted  into  high  voltage  pulses 

2.  High-voltage  pulses  are  transferred  to  the  corona  discharges  in  the  reactor 

3.  Discharge  energy  is  finally  converted  into  useful  processes  inside  the  reactor 

We  consider  the  efficiency  of  each  conversion  step.  For  step  1,  efficiencies 
of  up  to  90%  are  achievable.  The  efficiency  of  step  2  depends  on  the  electrical 
matching  between  load  and  source  impedance.  The  source  impedance  can  be 
adapted  but  the  impedance  of  the  load  is  not  completely  under  control;  since 
the  load  is  a  pulsed  corona  discharge,  the  impedance  depends  on  voltage  and 
corona  development.  The  corona  development  itself  is  also  strongly  affected  by 
the  impedance  of  the  pulse  source.  We  aim  at  the  development  of  discharge 
chambers  and  electrode  structures  that  offer  a  more  constant  impedance  at  a 
value  matching  the  output  impedance  of  the  pulse  source.  Adversely  one  can  try 
to  adapt  the  pulse  source  impedance  so  that  it  matches  the  less  controllable  load. 
However,  one  has  to  keep  in  mind  the  effect  of  source  impedance  on  discharge 
impedance.  Efficiencies  of  energy  transfer  from  source  to  load  will  be  as  low  as 
30%  if  matching  is  not  well  achieved.  More  optimized  configurations  are  being 
developed  that  achieve  efficiencies  of  up  to  80%  [27]. 

In  the  final  step  discharge  energy  is  converted  into  chemical  processes.  The 
efficiency  of  these  processes  cannot  be  expressed  in  terms  of  percentages.  One 
has  to  use  a  unit  such  as  the  removed  fraction  X  of  a  substance  divided  by  energy 
density.  This  energy  density  E  is  the  energy  yield  after  step  2  divided  by  the 
gas  volume  to  which  it  is  applied.  Here  we  also  introduce  the  power  P  into  the 
discharge  and  the  gas  flow  F  passing  the  reactor.  The  energy  transferred  to  each 
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discharge  is  denoted  by  Q  and  the  number  of  discharges  per  second  is  /.  The 
following  relations  then  apply: 

(4.1)  P  =  Q/ 

(4.2)  E  =  Qft/{Ft)  =  P/F 

First  order  chemical  reactions  are  found  to  obey  [2,  3,  28]: 

(4.3)  X  =  l-exp{-E/AE), 

where  AE  is  an  activation  level  specific  for  each  type  of  chemical  process.  Specific 
values  axe  given  in  Table  1. 

5.  Pulsed  power  generation 

Mains  AC  power  is  converted  to  charge  a  primary  storage  capacitor.  An  inductor 
and  a  switch  are  needed  to  couple  the  energy  to  the  next  capacitor.  The  resonant 
charging  technique  allows  an  efficient  transport  of  the  energy.  Note  that  the  use 
of  a  resistor  to  charge  a  capacitor  would  lead  to  considerable  losses  since  the 
energy  dissipated  by  the  resistor  would  in  fact  be  equal  to  the  energy  transported 
to  the  capacitor. 

The  switch  to  start  the  charging  process  for  each  charging  cycle  (pulse)  can 
be  a  thyristor.  The  thyristor  must  be  closed  on  command  and  will  open  auto¬ 
matically  at  the  first  zero  crossing  of  the  current. 

If  two  equal  capacitors  are  used  the  result  is  near  perfect  transfer  of  all  charge 
from  the  first  capacitor  to  the  next  one.  The  voltage  is  transferred  unchanged 
to  the  next  capacitor. 

This  principle  of  charge  transport  is  often  applied  in  pulse  compression  cir¬ 
cuits  [29].  Intermediate  pulse  transformers  can  play  the  role  of  the  charging 
inductance.  The  pulse  transformer  is  used  to  also  raise  the  voltage.  Accord¬ 
ingly  the  component  value  of  the  next  capacitor  must  be  reduced  by  the  square 
of  the  transformer  ratio  to  maintain  equal  capacitor  values  in  the  equivalent 
transformer  diagram. 

Resonant  circuits  can  be  part  of  a  multistage  magnetic  compression  system. 
The  inductors  are  then  allowed  to  saturate.  Usually  all  capacitors  have  equal 
values.  Energy  is  transported  from  one  capacitor  to  the  next  one  by  a  current 
through  the  inductor  during  the  time  that  it  is  saturated.  The  unsaturated 
inductor  of  the  next  stage  acts  as  an  isolation  until  it  also  saturates  at  the  end  of 
the  half  period  of  the  previous  section.  If  the  saturated  inductance  of  the  next 
stage  is  smaller  than  the  saturated  inductance  of  the  previous  one,  the  pulse 
duration  is  compressed. 

The  last  high  voltage  capacitor  of  the  resonant  charging  section  is  available 
to  be  discharged  across  the  load.  To  connect  this  capacitor  to  the  load,  we 
use  a  pulse  forming  network  (PEN)  that  is  constructed  like  a  transmission  line. 
A  spark  gap  is  inserted  between  the  last  capacitor  and  the  PEN  to  start  the 
final  pulse.  The  purpose  of  the  PEN  is  pulse  shaping,  impedance  matching  and 
sometimes  also  voltage  multiplication. 
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We  constructed  a  PFN  as  a  transmission  line  transformer  (TLT)  [30,  31].  It 
is  made  of  4  coaxial  cables,  each  50  and  12  m  long.  The  inputs  of  all  four 
cables  are  connected  in  parallel  between  the  switched  electrode  of  the  spark  gap 
and  the  return  conductor  of  the  last  resonant  charging  section.  At  the  other  end 
the  cables  are  connected  in  series  to  the  load  Zl-  The  braid  of  the  first  cable 
is  connected  to  the  return  conductor  of  the  load.  The  central  conductors  of  the 
first,  second  and  third  cable  are  connected  to  the  braid  of  the  next  cable.  The 
central  conductor  of  the  fourth  cable  is  connected  to  the  load. 

In  an  equivalent  circuit  diagram  each  cable  can  be  represented  as  a  voltage 
source  of  twice  the  input  voltage  Vq  in  series  with  the  cable  impedance  Zq,  The 
load  for  each  cable  is  the  combination  of  the  other  cables,  the  actual  load  plus 
an  impedance  for  each  cable  that  represents  the  return  path  for  the  wave  that 
will  propagate  in  the  air  between  the  braid  and  any  other  available  conductor. 
This  latter  wave,  called  the  secondary  wave,  travels  back  to  the  switch.  The 
impedance  of  this  wave  structure  is  represented  in  the  equivalent  circuit  diagram 
by  Z5.  The  resulting  circuit  is  given  in  Fig.  5. 


FIG.  5.  Equivalent  circuit  diagram  for  the  reflection  at  the  end  of  the  transmission  line 

transformer. 


For  a  simple  calculations  we  use  equal  values  for  the  secondary  wave 
impedances.  We  also  have  to  realize  that  after  reflection  of  the  secondary  wave, 
it  returns  to  the  output  load  before  reflections  of  the  primary  wave  return.  The 
above  diagram  therefore  only  allows  an  estimate  of  the  initial  voltage  multipli¬ 
cation. 

For  an  arbitrary  number  of  cables  n,  Wilson  [31]  has  given  a  general  formula: 


(5.1) 

where: 


(2Vb  +  Vt)  •  Zl 
Zo  +  Zt  +  Zt 


(5.2) 


0  = 


m  -Zs-Q 

(S  +  1)  •  Zq 


Zt 


2ZsQ 
B  +  1 


In  our  case  of  four  cables,  Zq  =  50  Z^  =  200  ft  and  Zs  =  1000  0, 
the  formulas  gives  a  voltage  multiplication  of  3.7  for  the  TLT  system.  In  our 
design,  ferromagnetic  cores  are  used  to  increase  Z^.  The  cores  form  a  magnetic 
circuit  around  each  cable  braid.  The  introduced  inductance  strongly  reduces  the 
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current  on  the  braid.  Note  that  the  formula  can  only  serve  as  an  indication  since 
a  number  of  simplifying  assumptions  were  made. 

The  impedance  of  the  load  affects  the  gain.  To  match  the  output  impedance 
of  the  TLT,  the  load  must  have  an  impedance  of  n  times  the  cable  impedance;  in 
the  examples  here  the  cable  impedance  is  50  ft  and  a  load  matching  the  output 
impedance  is  200  ft.  A  matched  load  will  achieve  the  best  energy  transfer  from 
cable  to  load. 

To  make  accurate  designs  of  TLT  systems  we  must  use  a  circuit  analysis 
program  (such  as  Microcap),  The  coaxial  cables  are  represented  by  ideal  lines  and 
are  interconnected  as  a  TLT.  The  secondary  waves  can  run  on  three  additional 
ideal  lines  connected  to  the  nodes  where  central  conductors  and  braid  meet. 
Inductors  and  resistors  can  be  used  to  simulate  the  ferrites  in  this  analysis.  The 
resistors  represent  the  losses  in  the  core  material.  The  load  is  a  voltage  dependent 
resistor  to  simulate  the  corona  discharge.  The  voltage  wave  form  at  the  entrance 
of  the  corona  reactor  is  calculated  for  a  charging  voltage  of  30  kV.  The  result  is 
compared  with  measurements  of  the  real  voltage,  see  Fig.  6.  It  is  clear  from  Fig. 
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FIG.  6.  Simulated  and  measured  voltage  wave  forms  at  the  entrance  of  the  corona  reactor. 

6  that  the  circuit  analysis  can  be  a  powerful  tool  to  investigate  the  design  of  a 
pulse  source  connected  to  a  corona  discharge  if  we  allow  a  suitable  expression 
for  the  corona  impedance. 


6.  Data  of  the  Eindhoven  pulsed  power  source 

This  heavy  duty  pulse  source,  developed  during  1995,  produces  100  kV  pulses 
(10  ns  rise  time,  150  ns  wide)  at  a  maximum  repetition  rate  of  1000  pulses  per 
second  (pps)  [10].  This  patented  design  [32]  has  an  overall  efficiency  of  up  to 
80%  for  the  energy  transfer  from  mains  AC  power  to  corona  energy  in  gas  flows 
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at  pulse  repetition  rates  below  600  pps.  Failureless  operation  of  this  unit  has 
passed  the  400  hours  mark.  Fig.  7  gives  a  simplified  diagram  of  the  pulse  source. 
The  source  is  mounted  in  an  EMC  cabinet.  The  corona  treatment  chamber  is 
placed  on  top  of  it  as  an  extension  of  the  EMC  cabinet.  For  the  production  of 


Fig.  7.  Simplified  circuit  diagram  of  pulse  source  for  100  kV,  150  ns  pulses  and  1.5  kW 

average  corona  power. 


the  high-voltage  pulse  three  subsequent  modules  are  used:  resonant  charging  of 
a  32  kV  capacitor  C2  (a  1:60  pulse  transformer  is  part  of  the  charging  inductor), 
a  fast  spark  gap  for  32  kV  switching  and  finally  a  transmission  line  transformer 
(TLT)  to  produce  the  100  kV  pulses. 

The  transformer  has  an  iron  (N2-112)  C-core  (SU180C)  with  thin  (0.05  mm) 
laminations.  Its  cross-sectional  area  is  46  cm^  and  its  iron  length  is  68  cm.  It  is 
a  core-type  transformer  with  two  coil  sets.  The  primary  of  each  set  has  10  thick 
flat  copper  turns.  The  secondary  high  voltage  coils  have  600  turns  each  and 
are  equipped  with  field-control  rings.  Each  high-voltage  coil  is  epoxy  insulated 
during  a  vacuum  potting  process.  The  two  coil  sets  are  connected  in  parallel.  A 
metallic  screen  connected  to  the  core  removes  the  inter-coil  capacitance.  A  small 
core  gap  (0.3  mm)  is  maintained  to  keep  the  core  far  below  saturation  during 
repetitive  single  polarity  pulses. 

A  low  inductance  spark  gap  (50  nH,  coaxial  with  the  high-voltage  capacitor) 
discharges  the  capacitor  into  the  TLT.  An  automatic  triggering,  derived  via  2 
MO  from  the  voltage  reversal  at  the  transformer  secondary  is  added  to  prevent 
misfiring  of  the  spark  gap.  After  each  high-voltage  pulse,  part  of  the  energy 
returns  to  the  low  voltage  resonant  circuits.  This  surplus  of  energy  is  partially 
reused  in  the  next  pulse. 

The  reliability  of  the  spark  gap  is  excellent,  after  10^  pulses  (total  transferred 
charge  200  kC)  only  minor  electrode  wear  is  visible.  The  gap  has  to  be  flushed 
continuously  with  air  (30  Nm^/h  typically  for  high  repetition  rates  of  the  source). 

The  actually  produced  and  the  simulated  output  voltages  across  the  corona 
load  are  given  in  Fig.  6. 

7.  Electromagnetic  compatibility  and  measuring  systems 

We  use  the  principle  of  the  EMC-cabinet  to  considerably  reduce  the  transfer 
impedance  between  large  interference  currents  and  electronics  [7,  33].  The  cab¬ 
inet  acts  as  an  EMC- wall  with  on  one  side  the  interference  currents  and  on  the 
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Fig.  8.  An  EMC  wall  to  create  regions  with  and  without  large  CM  currents  and  to  reduce 
the  transfer  impedance  between  them. 


other  side  the  sensitive  apparatus.  As  shown  in  Fig.  8,  the  wall  connects  the 
leads  going  to  both  sides  of  it.  The  large  interference  currents  however,  can¬ 
not  cross  the  wall  since  they  are  common  mode  (CM)  currents:  the  wall  itself 
closes  (short  circuits)  all  CM  paths.  Differential  mode  currents  such  as  signal 
and  power  can  pass  the  wall  since  their  current  loop  continues  on  both  sides  of 
the  wall. 

In  our  pulsed  power  source  for  corona  processing  we  use  these  principles  to 
construct  an  application  that  was  included  in  the  patent  [32].  Two  separate  EMC 
walls  are  constructed:  one  to  separate  the  pulse  source  from  the  rest  of  the  world, 
the  other  one  to  surround  the  sensitive  electronics  of  the  pulse  source.  Both  walls 
are  equipped  with  adequate  mains  filters  and  coaxial  cable  feedthroughs.  The 
corona  reactor  is  connected  to  the  pulse  source  and  is  an  extension  of  the  ’EMC 
region’  of  this  source. 

The  base  of  the  corona  reactor  is  constructed  as  a  one-turn  Rogowski  coil  (a 
toroid  of  rectangular  minor  cross  section)  to  measure  the  total  corona  current 
Ix  (subscript  X  for  external  to  the  discharge)  to  the  reactor  [32,  10]. 

The  high  voltage  is  fed  into  the  reactor  via  a  HV  feedthrough,  which  contains 
a  capacitive  sensor  to  form  a  Differentiating-Integrating  (DI)  measuring  system 
for  the  external  (corona)  voltage  Vx  [34,  35,  36]. 

In  our  Dl-system,  the  large  differentiated  signal  is  transported  via  a  coax¬ 
ial  cable  to  the  passive  RC  input  section  of  an  integrator  just  behind  the  wall 
of  the  EMC  cabinet  for  sensitive  electronics.  The  integrator  restores  the  origi¬ 
nal  waveform  but  it  also  acts  as  an  effective  EMC  filter.  Large  common  mode 
currents  are  allowed  to  flow  on  the  signal  cables  from  sensor  to  integrator  and 
back  via  grounding  systems.  A  sufficiently  low  transfer  impedance  of  the  entire 
set  up,  cables,  passive  integrator  and  EMC-cabinet,  leaves  the  digital  measuring 
electronics  undisturbed. 

Signal  evaluation  and  corrections  for  the  50  W  load  of  the  integrators  were 
made  as  follows: 
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(7.1) 

Vx  —  kiVouti  +  Oil 

J 

j'  kiVQufidt 

(7.2) 

Ix  =  k2Vout2  +  <^2  J 

r 

where  Vouti  and  Vout2  are  the  integrator  outputs,  fci  and  k2  are  the  calibration 
factors  and  ai  and  a2  are  the  known  correction  factors  for  the  integrator  droop. 
In  case  an  extra  active  integrator  section  is  used,  the  droop  can  be  reduced  in 
the  hardware. 

The  E-field  at  the  wall  inside  the  reactor  is  measured  by  means  of  a  grid¬ 
sensor,  mounted  flush  with  the  surface  of  this  electrode  [37,  38,  39].  Fig.  9  shows 
the  construction  of  this  sensor. 
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FIG.  9.  A  grid  sensor  in  the  wall  of  the  reactor  can  detect  either  E>fieid  or  ions. 

It  consists  of  a  measuring  electrode  (a  brass  plate  with  a  diameter  of  30  mm) 
behind  a  grounded  stainless  steel  grid  (mesh  size  1.4  mm).  The  distance  between 
the  plate  and  the  grid  is  2  mm.  Charge  carriers,  which  produce  a  conduction 
current  at  the  cylinder,  cannot  enter  the  grid  sensor  due  to  a  repelling  E-field 
between  the  grounded  grid  and  the  plate,  which  is  at  a  DC  bias  voltage  of  15  Volt. 

This  bias  voltage  and  the  voltage  pulse  at  the  central  wire  have  the  same 
polarity.  Since  the  grid  is  not  perfectly  shielding,  still  some  2%  of  the  corona  E- 
field  is  seen  by  the  plate.  This  transient  field  produces  a  displacement  current  to 
the  plate  which  can  easily  be  detected.  To  obtain  the  total  displacement  current 
Id  to  the  cylinder  electrode,  the  current  to  the  plate  of  the  E-field  sensor  needs 
to  be  multiplied  by  a  factor  that  accounts  for  the  ratios  of  surface  area  and  grid 
penetration.  Finally  the  current  must  be  integrated  in  the  time  domain  to  obtain 
the  displacement  charge  Q d  ?  which  is  proportional  to  the  E-field  at  the  cylinder. 
The  bandwidth  of  this  system  is  0.5  Hz  -  50  MHz. 

Operating  as  ion  sensor,  a  forward  DC-bias  voltage  (900  V)  on  the  plate  is 
applied  to  attract  the  ions  into  the  grid  sensor  towards  the  plate.  The  resulting 
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conduction  current  to  the  plate  is  a  measure  for  the  number  of  ions  arriving  at 
the  sensor.  The  mesh  size  of  the  grid  should  be  small  enough  to  strongly  reduce 
the  corona  E-field,  as  is  necessary  for  the  ion  measurements. 

The  total  corona  current,  measured  externally  as  Ix,  can  be  represented 
[1]  as  a  conductive  component  Ic  (passing  charge  carriers)  plus  a  displacement 
component  (changing  E-field)  Jd.  This  component,  measured  separately  with 
the  E-field  sensor,  equals  the  current  Iq  due  to  the  changing  external  voltage  Vx 
across  the  vacuum  capacitance  Cq  between  the  electrodes,  plus  the  capacitive 
current  1$  due  to  the  movement  of  space  charge  in  the  gas: 


(7.3) 

Ix  =  Ic  +  Id  =  Ic  +  h  +  Is 

(7.4) 

lo  =  CodVx/dt 

8.  Discharge  development 

Both  positive  and  negative  corona  show  similar  behavior  in  a  wire-cylinder  geom¬ 
etry.  The  voltage  pulses  are  applied  between  the  corona  wire  and  the  cylinder. 
Intense  pulsed  corona  discharges  of  up  to  250  A/m  (i.e.  per  meter  of  corona 
wire)  peak  current  occur  at  high  pulsed  voltages.  These  intense  discharges  are 
well  distributed  over  the  volume  and  do  not  lead  to  full  breakdown. 

Actually,  we  can  distinguish  two  pulsed  corona  modes:  a  moderate  mode 
occurring  above  the  usual  corona  inception  voltage  and  a  highly  active  mode 
starting  at  a  second,  higher  inception  voltage.  Fig.  10  shows  the  measured  re- 


FIG.  10.  Peak  corona  current  as  a  function  of  peak  pulse  voltage.  A  15  kV  bias  voltage  that 
was  also  fed  to  the  corona  wire  has  to  be  added  to  obtain  the  total  voltage.  Pulses  are  500  ns 
wide.  The  markers  indicate  positive  wire,  the  ”o”  indicates  negative  wire.  The  moderate 
and  highly  active  mode  are  indicated  by  dashed  lines.  The  line  of  constant  VI  =  const 
indicates  a  constant  peak-power  value. 

lation  between  the  peak  current  and  the  peak  voltage  for  the  case  of  corona  in  360 
Torr  of  air  (simulating  the  density  of  air  at  400°  (7).  The  pulses  have  a  rise  time  of 
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20  ns,  are  500  ns  wide  and  are  added  to  a  constant  bias  voltage  of  15  kV.  In  this 
experiment  the  corona  vessel  has  a  smooth  wall  and  a  diameter  of  29  cm.  The 
transition  from  moderate  to  active  can  be  seen  near  a  value  of  55  kV  total  voltage 
with  a  positive  wire  and  near  90  kV  with  a  negative  wire.  Both  voltages  are  the 
sum  of  bias  and  peak  pulse.  Both  polarities  can  have  equally  high  intensities  and 
energy  input  if  the  negative  wire  has  a  higher  voltage.  This  is  indicated  by  the 
line  VI  =  constant  in  Fig.  10.  Negative  coronas  can  therefore  be  equally'efficient 
for  applications  as  positive  coronas.  The  disadvantage  of  negative  polarity  is  a 
higher  voltage  pulse  source,  the  advantage  is  a  higher  E-field. 

To  describe  the  development  of  a  single  high-intensity  corona  pulse  we  use 
the  CCD  pictures  and  the  electrical  measurements  collected  in  Fig.  11.  After  the 
start  of  each  pulse,  we  see  many  narrow  discharge  channels,  streamers,  grow  from 
the  wire  towards  the  cylinder,  during  the  initial  streamer  phase  [1].  The  strongly 
inhomogeneous  space  charge  at  the  streamer  head  creates  a  large  jE-field,  which 
causes  an  enhanced  ionization  and  further  growth  of  the  initial  streamers  towards 
the  cylinder.  Each  streamer  carries  a  current  of  0.1  -  1  A.  The  capacitance 
between  the  streamer  head  and  the  cylinder  acts  as  a  limiting  impedance  for  the 
current  through  the  initial  streamer.  The  conductive  streamer  phase  starts  after 
the  arrival  of  the  initial  streamers  at  the  cylinder.  The  development  of  the  initial 
streamer  into  a  complete  channel  between  the  wire  and  the  cylinder  results  in  a 
disappearance  of  the  capacitance  between  the  streamer  head  and  the  cylinder. 
This  allows  a  much  larger  current  (1-10  A)  to  fiow  through  each  streamer;  many 
streamers  in  parallel  carry  the  large  current  of  the  pulsed  corona  discharge. 

The  energy  injected  in  each  discharge  is  measured  from  the  voltage  and  cur¬ 
rent  wave  forms.  Both  voltage  and  total  current  are  detected  at  the  entrance 
of  the  high  voltage  pulse  in  the  corona  reactor  vessel.  Multiplication  of  these 
signals  and  integration  in  time  gives  us  the  value  of  the  total  energy  per  pulse. 
In  addition  we  can  further  distinguish  the  components  of  the  energy  input  by 
the  components  of  the  total  current:  capacitive  current  to  the  wire-cylinder  ca¬ 
pacitance  {Io)y  capacitive  current  of  the  streamer  development  {Is)^  the  sum 
these  which  is  the  total  capacitive  current  (Id)  and  the  conduction  current  {Ic) 
after  the  streamers  reach  the  other  electrode.  The  time  integral  of  each  current 
component  is  the  associated  charge  Q  (with  respective  subscript). 

An  example  of  measured  wave  forms  is  given  in  Fig.  12.  Each  of  the  current 
components  is  used  to  obtain  the  associated  energy  input.  This  result  is  plotted 
in  the  lower  part  of  the  figure.  It  can  be  seen  that  the  total  energy  (subscript  A) 
grows  to  a  value  of  1.7  J.  The  energy  related  to  the  initial  streamer  development 
(subscript  S)  reaches  0.6  J.  The  conductive  streamer  phase  finally  adds  1.1  J. 
The  energy  stored  in  the  cylinder  capacitance  (subscript  0)  disappears  again,  as 
expected.  The  energy  input  during  equally  high  negative  voltage  pulses  at  the 
wire  shows  a  similar  pattern  though  the  energy  levels  are  lower  than  at  the  same 
positive  voltage  (0.8  J  total,  0.3  J  initial  and  0.5  J  conductive  phase).  The  lower 
levels  are  a  consequence  of  the  already  mentioned  higher  inception  voltage  of  the 
high  intensity  negative  coronas.  The  measurements  show  that  about  2/3  of  the 
energy  is  transferred  during  the  conductive  streamer  phase.  The  efficiency  of 
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Fig.  11.  Upper  part:  CCD  images,  axial  view  in  the  cylinder  with  the  wire  in  the  center,  5  ns 
gating  and  10  ns  steps  from  the  start  of  the  voltage  pulse.  Cylinder  diameter  29  cm 
corresponding  to  the  height  of  each  picture.  Lower  part:  CCD  movie  composed  of  slices  of 
many  axial  images.  Cylinder  and  wire  position  are  indicated.  Positive  and  negative  corona 
development  are  compared.  Measured  voltage  {Vx),  total  charge  (Qx)  and  capacitive  charge 
(Qd)  are  also  indicated.  The  difference  between  Qx  and  Qd  occurs  shortly  before  visible 
discharge  activity  has  reached  the  cylinder. 

both  energy  contributions  with  respect  to  chemical  processes  has  not  been  dis¬ 
tinguished.  The  conversions  obtained  during  various  chemical  processes  will  be 
given  here  as  the  result  of  the  total  deposited  energy.  The  energy  densities  re¬ 
ported  in  the  next  sections  therefore  are  derived  from  the  total  energy  divided 
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by  the  treated  gas  volume. 
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Fig.  12.  Development  of  the  components  of  charge,  current  and  deposited  energy  during 
corona  development.  The  pressure  is  atmospheric  (air),  the  cylinder  diameter  is  25  cm  and  the 
pulse  rise  and  width  are  10  ns  and  50  ns.  The  subscripts  are  as  follows:  X  for  total,  externally 
seen,  S  for  initial  phase,  C  for  conductive  phase,  O  for  vacuum  capacitive  contribution. 

Finally  we  report  the  results  of  a  comparison  of  efficiencies  at  equal  voltage 
amplitudes  as  a  function  of  polarity,  type  of  wire  and  type  of  cylinder.  We 
compared  a  smooth  wire,  a  threaded  wire  (M8  thread),  a  smooth  cylinder  and 
a  cylinder  covered  with  needles.  The  three  main  energy  conversion  steps  were 
considered.  The  results  are  summarized  in  Fig.  13.  For  a  correct  interpretation 
of  the  data  we  note  that  unavoidable  slight  variations  occur  in  the  efficiency 
between  the  separate  experiments  made  to  collect  the  data.  Apart  from  this 
effect  we  may  conclude  from  Fig.  13  that  the  considered  electrode  shapes  only 
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FIG.  13.  Separate  efficiencies  of  the  three  mains  conversion  steps  as  a  function  of  electrode 
shape  and  polarity  (equal  pos.  and  neg.  amplitudes).  Atmospheric  air  with  NO  to  be 

converted. 


have  minor  effects.  For  the  polarity  however,  we  see  an  effect:  the  conversion 
of  pulse  energy  into  discharge  energy  is  more  effective  in  the  case  of  a  positive 
wire.  This  finding  can  be  attributed  to  the  higher  inception  voltage  for  highly 
active  negative  corona,  shown  in  Fig.  10.  By  raising  the  pulse  amplitude,  the 
efficiency  for  a  negative  wire  could  be  improved.  Also  important  to  note  is  that 
the  NO  conversion  efficiency  is  not  significantly  affected  by  polarity. 

9.  Results  of  various  applications 

The  pulsed  corona  process  was  applied  in  air  flows  to  test  the  removal  efficiency  of 
various  gaseous  chemical  pollutants.  One  or  two  pulse  sources  with  mciximum  1.5 
kW  corona  power  each  were  connected  to  one  or  two  (in  series)  3  m  long  corona 
reactors  to  process  an  air  flow  of  20  -  500  Nm^/h.  The  results  are  summarized 
in  Table  1.  Experimental  procedures  are  described  in  [10]. 

Processes  aimed  at  sterilization  were  performed  in  air  and  water  flows.  The 
experiments  are  described  in  [21].  The  results  can  be  summarized  by  giving  the 
energy  needed  per  liter  of  gas  or  water,  to  reduce  the  number  of  micro-organisms 
by  one  factor  of  ten  (see  table  2) .  It  can  be  seen  from  this  table  that  inactivation 
indeed  occurs  but  that  the  energy  cost  almost  scales  as  the  mass  density  of  the 
medium.  The  inactivation  of  spores  still  has  to  be  improved  considerably  to 
make  it  a  feasible  technology. 

The  results  also  show  that  direct  application  of  corona  to  liquids  (’POOR’)  is 
more  effective  than  PEF  treatment.  However,  PEF  treatment  is  needed  when  one 
has  to  avoid  the  formation  of  radicals  in  the  liquid.  Many  food  products  should 
not  be  injected  with  radicals.  For  ranges  of  applications  the  given  efficiencies 
are  still  inadequate  for  commercialization.  For  the  PEF  method  to  become  more 
practical  the  pulse  form  has  to  be  adapted  to  the  yet  not  well  known  requirements 
of  cell  inactivation.  The  high  energy  losses  during  PEF  are  only  caused  by 
considerable  Ohmic  dissipation  in  the  liquid.  Geometry  and  pulse  shape  need 
optimization.  Similar  optimizations  are  needed  for  the  POOR  treatment  but  here 
we  have  more  degrees  of  freedom:  electron,  radical  and  UV  production  may  also 
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be  optimized  and  higher  local  E-fields  are  possible  since  local  discharge  activity 
is  a  desired  feature  here. 


Table  1.  The  measured  efficiencies  of  corona  processing 


Subs¬ 

tance 

M 

[kg/ 

kmol] 

Concen¬ 

tration 

[ppm] 

Mass 

flow 

[g/h] 

Corona 

Power 

[kW] 

Corona 
energy 
kWh/kg 
load  to 
reach  63% 
removal 

AE 

[J/ 

liter] 

NO 

30 

213 

6.5  -  23 

0.15  -  1.10 

15 

16.5 

Toluene 

92 

125  -  450 

18-40 

0.13  -  1.16 

24 

98.8 

Styrene 

104 

30  -  190 

15-87 

0.25  -  2.54 

7 

11.3 

1,1,1  TCA 

133 

80  -  1000 

4-25 

0.13  -  1.13 

180 

135 

Pentane 

72 

80  -  1000 

6-73 

0.14  -  1.04 

88 

185 

Methane 

16 

450  -  500 

35  -  37 

2.1  -  2.7 

- 

5000 

Ethylene 

28 

150  -  2500 

17-114 

0.18  -  1.23 

12 

41.2 

Propane 

44 

10  -  500 

1.7-36 

0.16  -  1.15 

180 

Butane 

58 

50  -  2000 

9-111 

0.14  -  1.19 

75 

Table  2.  Summary  of  efficiencies  of  various  tested  methods  on  inactivation  of 

micro-organisms. 


Medium 

Treatment  Type 

Efliciency 

(kJ/L  per  log  reduction) 

Air 

PCOR,  wire-cylinder 

0.002 

Water 

PCOR,  needle  -  air  bubbles 

25 

Water 

PCOR,  needle  -  N2  bubbles 

32 

Water 

PEF,  bacteria 

85 

Water 

PEF,  spores 

500 

Other  applications  that  are  becoming  attractive  are  under  investigation:  odor 
removal,  improved  particle  collection,  fouling  prevention/removal  in  flow  sys¬ 
tems,  mussel  control  in  cooling  systems,  and  more.  Our  tests  at  a  food  processing 
plant  show  that  odors  can  be  removed  at  reasonable  energy  cost. 


10.  Conclusions 

Highly  active  coronas  with  peak  power  densities  of  up  to  25  MW  per  meter  corona 
wire  and  energy  densities  of  2  k J /I  in  the  streamers  can  be  produced  by  pulsed 
power.  Since  the  voltage  pulses  are  sufficiently  short,  breakdown  does  not  occur 
even  though  the  discharge  currents  are  hundreds  of  Amperes.  With  a  negative 
wire  this  high  intensity  occurs  at  a  higher  voltage  than  with  a  positive  wire.  A 
well  matched  pulsed  power  source  can  deposit  up  to  80%  of  its  electrical  energy 
into  such  a  controlled  discharge.  Part  of  this  energy  is  deposited  during  the 
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streamer  growth  but  a  considerable  fraction  can  be  released  into  the  conductive 
streamer  phase.  Often,  both  energy  contributions  are  useful  in  corona  assisted 
processing.  Reliable  and  efficient  pulse  sources  are  built  using  resonant  charging, 
pulse  transformers  and  pulse  forming  networks.  Solid  state  switches  are  used  in 
the  low  voltage  sections  and  long-life  spark  gaps  are  needed  for  fast  high-voltage 
switching.  Alternative  techniques  for  high  voltage  switching  are  fast  solid  state 
closing  switches  (combined  with  inductive  storage  [40,  41,  42,  43]),  or  the  slower 
magnetic  closing  switches.  The  performance  is  characterized  by:  100  kV,  150  ns 
wide,  1000  Hz  and  400  hours  of  operation.  The  area  of  applications  is  growing: 
VOC  and  odor  control,  hot  gas  cleanup,  water  and  air  purification,  sterilization, 
and  fouling  prevention.  The  efficiencies  of  the  investigated  processes  (styrene 
and  odor  control  and  air  sterilization)  are  promising. 
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In  the  examined  system  the  plasma  wave  is  synchronous  with  the  beam.  The  plasma  wave  is 
parametrically  coupled  with  the  fast  electromagnetic  wave  (EMW)  propagating  in  the  vacuum 
gap  between  the  plasma  boundary  and  the  conductive  jacket.  The  coupling  is  stimulated  by  the 
plasma  density  periodic  inhomogeneity.  The  second  part  of  this  report  presents  the  results  of 
2. 5- dimensional  numerical  simulation  of  both  the  modulation  of  long  relativistic  electron  bunch 
(REB)  in  a  plasma  and  the  excitation  of  wake  fields  by  these  bunches. 


1.  Parametric  excitation  of  electromagnetic  radiation  by  electron  beam  in  layer  plasma 

waveguide 

1.1.  Physical  model  and  equations 

Let’s  investigate  the  transformation  of  the  plasma  oscillations  excited  by  an 
electron  beam  into  EMR  during  the  nonlinear  interaction  of  HF  plasma  with  LF 
ion-sound  waves  in  the  magnetized  plasma  waveguide.  While  exciting  a  regular 
ion-sound  wave  in  the  nonisothermal  plasma  (Tg  »  Te^i  are  the  electron- 
and  ion  temperatures),  one  creates  the  plasma  density  periodic  inhomogeneity 
(the  diffraction  grating)  with  the  depth  of  modulation  Sus/riQ  =  e(ps/Te  {Sris  is 
the  plasma  density  distortion  amplitude,  no  is  the  plasma  equilibrium  density, 
(fs  is  the  electric  potential  amplitude  of  the  ion-sound  wave).  Plasma  density 
periodic  modulation  provides  for  parametric  coupling  between  the  plasma-  and 
electromagnetic  (EM)  waves.  In  the  plasma  waveguide  the  necessary  condition 
of  the  process  realization  is  the  coexistence  of  both  the  EMW  and  plasma  wave 
at  the  same  frequencies.  In  the  waveguide  filled  with  plasma  this  condition  is 
partially  realizable  [1,2].  In  this  waveguide  the  EMW  can  propagate  at  the  fre¬ 
quencies  oj  <ijjp  between  the  plasma-  and  the  outer  conductive  jacket  boundary. 
The  EMW  propagates  in  the  vacuum  gap.  In  plasma  this  wave  is  skinning.  On 
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the  other  hand,  the  plasma  wave  amplitude  exponentially  decreases  when  ;]e 
wave  is  moving  away  from  the  plasma  boundary  in  vacuum. 

The  parametric  process  in  question  is  realizable  if  the  conditions  of  tin  e- 
spatial  synchronism  are  fulfilled  for  the  longitudinal  wave  numbers  and  for  ttic 
frequencies  of  the  interacting  waves: 

(1.1)  u)i  =  tot  -\r  u)$,  ki  kt  ks- 

Here  cOs,  K  are  the  frequency  and  the  longitudinal  wave  number  of  the  ion- 
sound  wave,  and  h,t  the  frequencies  and  the  longitudinal  wavenum1)ers 
of  the  plsLsma  wave  and  BMW,  correspondingly. 

Acting  on  plasma,  the  HF  feedback  caused  by  the  HF  pressure  amplifies  the 
ion-sound  wave  (the  plasma  density  modulation  depth). 

Let’s  consider  a  homogeneous  plasma  cylinder  with  the  radius  a.  The  plasma 
is  placed  into  the  co-axial  jacket  of  ideal  conductivity  and  the  radius  d  >  a.  The 
system  is  situated  in  the  intense  magnetic  field  directed  along  the  waveguide  axis 
z.  Along  this  axis  a  monoenergetic  electron  beam  is  propagating  (its  radius  b 
(6  «  a)).  There  are  three  waves  excited  in  the  waveguide:  the  plasma  wave 
amplified  by  the  electron  beam,  the  ion-sound  wave,  and  the  BMW  propagating 
in  the  vacuum  gap  between  plasma  and  the  jacket  conducting  ideally.  All  these 
waves  move  in  the  same  direction  (along  the  axis  z).  Below  we  limit  ourselves 
with  examination  of  the  stationary  processes  of  the  wave  interaction. 

As  been  already  it  has  mentioned,  the  HF  field  feedback  action  on  plasma 
amplifies  the  plasma  density  modulation  depth.  The  following  equation  describes 
the  process: 

(1-2) 

^  ^  dt^  IGtt 

where  is  the  HF  field  longitudinal  component.  The  Bq.(2)  yields  the  reduced 
equation  of  the  ion- sound  wave  amplitude.  The  amplitudes  of  the  interacting 
waves  are  described  with  the  system  of  the  reduced  equations  in  the  dimensionless 
variables: 

^  =  iWCtCsexp{-iAyO  +  P  +  i^bCu 

a? 

(1.3)  ^  =  iWCiC:exp{iA,0, 

^  =  iWCiC;exp{iAyO- 
a? 

Here  one  designates:  C'/,t  =  are  the  dimensionless  amplitudes  of  the 

HF  plasma-  and  EM  waves,  Cs  -  s’s/Ag  is  the  dimensionless  amplitude  of  the 
LF  ion-sound  wave,  At  =  Aiy/Rif Rt,  Ag  =  Aiy/wsRij^oRg,  Ai  =  mujVoO'^le'yo', 


O-jo  {IbC^/AlAi^'^Ri)  ,  I  A  =  m(?le  wl?  kA, 


8 


^0  ^  + 


■^Kla:^AUKi,uKi,tv) 
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Xi^y/a  are  the  transversal  wave  numbers  of  the  plasma-  and  EM  waves  in  plasma, 
Ki^t  =  T]  =  d/a,  Aj,  =  {ki  -kt~  ks)  L  is  the  difference  between  the 

wave  numbers  of  the  interacting  waves,  A^,  =  {ki  —  kb)  L  is  the  initial  difference 
between  the  beam  velocity  and  the  wave  phase  velocity. 


(1.4) 

(1.5) 


1  /  (jJM  W 


RsRt 


Q  ^  f  Jo  Jq  (^Xfx)  xdx^ 
Jo 


(1.6) 


Rs 


f  ^pi 

sW 


Upi  is  the  ion  plasma  frequency  and  Cs  is  the  sound  velocity. 

In  the  presented  expressions  it’s  supposed  that  LOt  =  oji  ~  oj  and  the  difference 
between  the  frequencies  of  the  HF  EMW  and  plasma  wave  is  not  taken  into 
account.  Physical  sense  of  the  coefficients  i?(a)  {a  =  is  clear.  They 

represent  the  ratio  of  the  energy  flow  of  the  corresponding  wave  to  the  amplitude 
squared: 


(1.7)  Sa  —  Ra  |®q:|  ‘ 

On  the  right-hand  side  of  this  expression  of  the  plasma  wave  amplitude  the 
second  term  describes  the  plasma  wave- amplification  by  the  beam. 


1.2.  Approximation  of  the  given  modulation  depth  of  plasma  density 

To  start  with,  let’s  consider  a  simpler  physical  case  in  which  the  plasma  density 
modulation  depth  is  given  Cs  =  Cgo.  In  particular,  the  plasma  layering  may 
be  produced  by  modulation  of  the  external  magnetic  field  [3].  In  this  situation 
the  system  of  two  coupled  equations  of  the  plasma-  and  EM  waves  amplitudes 
describes  the  process  of  radiation  excitation. 


(1.8) 


dCi 


=  iACt  exp  (-j'AvO  +  P  +  i^bCi, 


dCt 

d^ 


iACi  exp  («A^4) 


Here  A  =  WCso- 

In  this  system,  as  in  the  equations  of  the  beam  particle  motion,  the  integral 
describing  the  law  of  conservation  of  the  system  energy  is  included: 


(1.9) 


St  +  Si  +  Pb  =  Const. 


The  St^i  is  the  total  energy  flow  of  the  plasma-  and  EM  waves,  Pj  is  the  beam 
power. 
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Analyzing  the  system  (8),  one  applies  the  method  of  the  numerical  simulation 
of  the  nonlinear  equation  system  in  order  to  investigate  the  nonlinear  stage  of 
excitation  of  the  coupled  plasma-  and  EM  waves.  Numerical  analysis  has  been 
performed  for  different  values  of  the  wave  coupling  parameter  A  when  the  differ¬ 
ence  A5  =  0  (i.e.,  the  interacting  waves  are  strictly  synchronized  (Aj,  =  0)).  The 
coupling  parameter  A  is  varying  within  the  limits  0...1.05.  If  Acr  =  1.05,  the  in¬ 
stability  derangement  takes  place.  At  the  Fig.  1  the  dependencies  of  the  plasma- 
and  EM  wave  dimensionless  amplitudes  on  the  longitudinal  coordinate  are  plot¬ 
ted  for  Acr  =  1.05  (the  Fig.  la)  and  Acr  =  1.00  (the  Fig.  lb).  When  Acr  ~  1.05 


a  b 


FIG.  1.  Spatial  amplitude  dependence  of  the  plasma  \Ci\  and  electromagnetic  |Ct|  waves  for 
different  values  of  the  A  -parameter:  a)  A  =  1.05,  b)  A  =  1.00. 

and  the  energy  pumpover  length  essentially  exceeds  the  amplification  length, 
after  exponential  increase  the  amplitudes  of  the  both  waves  amplitudes  reach 
their  maximums  and  then  they  start  to  oscillate.  Oscillations  of  the  plasma- 
and  EM  wave  amplitudes  are  stipulated  by  the  phase  oscillations  of  the  beam 
bunches  trapped  by  this  wave.  The  plasma-  and  the  EM  wave  oscillations  are 
opposite  in  phase.  That  is  to  say,  the  plasma  wave  amplitude  maximum  corre¬ 
sponds  to  the  EMW  amplitude  minimum  and  v.v.  Comparing  the  dimensionless 
amplitudes,  one  can  see  that  the  plasma  wave  amplitude  is  approximately  in  3 
times  higher  than  that  of  the  EMW.  The  EMW  amplitude  reaches  its  maximum 
at  longer  distances  than  the  plasma  wave.  If  Acr  =  1.00,  the  energy  pumpover 
period  is  equal  to  the  inverse  increment.  In  this  case  the  picture  of  the  coupled 
wave  excitation  is  different  in  its  essence.  At  the  initial  stage  the  plasma-  and 
EM  waves  amplitudes  are  increasing  nonmonotonically.  Then  they  get  into  their 
maximums  located  approximately  at  the  same  point.  At  the  initial  stage  the 
amplitude  oscillations  are  stimulated  by  energy  pumpover  from  the  plasma  wave 
to  the  EMW  and  v.v.  One  should  take  into  account  that,  in  contrast  to  the  wave 
amplitude,  the  electronic  efficiency  is  increasing  monotonely  during  this  stage. 
The  fact  testifies  to  existence  of  the  wave  energy  pumpover  effect.  At  the  first 
maximum  the  dimensionless  wave  amplitude  values  are  the  same  approximately. 
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-n  0  —  71 

FIG.  2.  The  beam  phase  picture  at  the  different  points  a)-120,  b)-200,  c)-280. 


Behind  the  maximums  the  amplitudes  oscillate  irregularly.  At  the  Fig.  2  the 
beam  phase  pictures  are  plotted  for  Acr  =  1.00.  Here  it  is  depicted  that  at  large 
distances  the  bunch  is  being  destroyed  and  the  particles  become  greatly  mixed 
on  the  phase  plane.  As  a  result,  the  amplitude  oscillations  are  diminishing.  At 
the  Fig.  3  the  dependences  of  the  electronic  efficiency  and  beam  power  relative 


Fig.  3.  Dependencies  of  the  electronic  efficiency  (1)  and  relative  losses  of  the  beam  power(2) 

on  the  parameter  A. 


losses  by  fast  BMW  excitation  on  the  parameter  A  are  given  for  6  =  0.2.  As 
it’s  evident,  while  the  coupling  parameter  is  increasing  up  to  its  critical  value 
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Acr,  the  maximum  electronic  efficiency  is  also  increasing  continuously.  At  the 
mentioned  critical  point  the  instability  decays.  In  particular,  when  Acr  =  1.00, 
the  efficiency  is  approximately  equal  to  32%.  This  is  1.8  times  higher  than  in 
the  absence  of  the  wave  coupling.  A  part  of  the  beam  power  expended  on  EMR 
excitation  increases  with  increase  of  the  A.  When  Acr  =  1-00,  approximately  half 
of  the  total  beam  plasma  losses  is  spent  on  radiation  excitation  and  the  plasma 
-wave  is  excited  by  the  other  half  of  this  power. 


1.3.  Analysis  of  the  plasma  wave  decay  to  the  EM-  and  ion-sound  waves 

Let’s  examine  the  system  of  the  equations  that  take  into  account  the  influence 
of  the  HF  plasma-  and  EM  waves  feedback  on  the  LF  ion-sound  wave.  In  the 
absence  of  the  electron  beam  the  system  (2)  -  (6)  describes  the  decay  instability 
of  the  plasma  wave  that  produces  the  EM-  and  the  ion-sound  waves.  This  in¬ 
stability  causes  exponential  increase  both  of  the  EM-  and  ion-sound  waves.  The 
corresponding  dimensionless  spatial  increment  is 

(1.10)  rd  =  w\Cio\, 


The  decay  instability  increment  is  w  W  for  the  amplitude  value  \Ciq\  ^  1 
determined  by  the  beam  particle  trapped  by  the  synchronous  plasma  wave  fleld. 
liW  >  1,  the  decay  instability  essentially  influences  the  beam-plasma  instability. 
Thus,  the  analysis  demonstrates  that  HF  plasma-  and  EM  waves  stimulate  the 
ion-sound  wave  increase,  i.e.  they  amplify  the  plasma  density  modulation  depth. 

The  results  of  the  numerical  solutions  of  the  systems  (3)  are  presented  in  the 
[4],  in  which  the  plasma  decay  process  is  investigated.  While  the  electron  beam 
is  being  continuously  injected  into  inflnite  homogeneous  plasma,  the  decay  of 
the  plasma  wave  produces  the  plasma-  and  ion-sound  waves.  Numerical  anal¬ 
ysis  demonstrates  that  the  plasma  wave  transformation  into  EMW  essentially 
influences  the  plasma-beam  instability  dynamics  when  >0.1. 

Energy  interchange  between  the  plasma-  and  EM  waves  modulates  the  wave 
amphtudes  with  the  spatial  period  ^rnodi^mod  The  decay  process  stim¬ 
ulates  the  efficiency  of  the  power  pumpover  from  the  beam.  If  0.1  <  <  2, 

the  beam  power  losses  keep  on  increasing.  At  the  maximum  they  are  in  2  times 
higher  than  in  the  case  of  W  =  0,  in  which  the  HF  plasma  wave  is  not  trans¬ 
formed  into  EMR.  When  >  2,  periodic  modulation  of  the  HF  plasma  wave 
parameters  causes  development  of  the  stochastic  instability  [5].  This  instability 
originates  in  phase  mixing  of  resonance  particles.  The  length  of  the  effective  en¬ 
ergy  interchange  of  the  HF  plasma  wave  with  EMW  decreases  with  the  growth 
of  the  wave  nonlinear  interaction  parameter  W.  For  example,  if  W  =  1,  the 
EMW  amplitude  reaches  its  maximum  when  ^  =  15. 

So,  it  is  demonstrated  that  the  nonlinear  interaction  between  the  plasma-, 
ion-sound-  and  EM  waves  essentially  stimulates  the  increase  in  effectiveness  of 
the  beam  energy  transformation  into  the  microwave  radiation  energy. 
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2.  2.5-Dimensional  numerical  simulation  of  relativistic  electron  bunch  self-modulation 

in  a  plasma 


2.1.  Physical  model  and  equations 

The  charged  particle  acceleration  by  charge  density  waves  in  a  plasma  and  in 
uncompensated  charged  beams  appears  to  be  a  most  promising  trend  in  the 
collective  methods  of  acceleration  [6,  7,  8].  The  variable  part  of  the  charge 
density  can  be  made  to  be  very  high  (up  to  no,  where  no  is  the  unperturbed 
plasma  density);  therefore,  the  accelerating  fields  can  reach  10^  to  10^  V/cm. 
Chen  et  al.  [9]  have  proposed  a  modification  of  the  Fainberg  acceleration  method 
[6],  consisting  in  using  a  train  of  bunches.  In  [10],  Katsouleas  has  considered 
electron  bunches  with  different  profiles,  namely,  a  bunch  with  a  slow  build-up  in 
the  density  and  its  very  quick  fall-off,  and  also  the  bunch  with  of  Gaussian-type 
distribution  for  different  rise  and  fall-off  times.  It  was  established  in  [10]  that  the 
use  of  these  nonsymmetric  bunches  instead  of  symmetric  ones  can  provide  the 
accelerating  field  Eac  value  to  be  many  times  (10  to  20)  higher  than  the  retarding 
field  Est  value.  The  so-called  transformation  coefficient  T  =  Eac/Egt  = 
is  equal  to  2'jrN,  where  N  corresponds  to  the  number  of  wavelengths  along  the 
bunch  length.  The  excitation  of  nonlinear  stationary  waves  in  the  plasma  by  a 
periodic  train  of  electron  bunches  has  been  studied  in  refs.  [11,  12],  where  it  is 
shown  that  the  electric  field  of  the  wave  in  the  plasma  increases  with  7  (7  is  the 
relativistic  factor  of  the  beam)  at  commensurable  plasma  and  beam  densities. 
The  experiments  undertaken  in  refs.  [12,  13]  on  wake-field  acceleration  have 
demonstrated  the  importance  of  three-dimensional  effects. 

Here,  we  consider  two  different  regimes  with  high  amplitudes  of  plasma  wake 
fields  that  are  employed  in  the  accelerator  physics.  The  first  regime  makes  use 
of  an  extended  short  beam,  then  the  high-amplitude  waves  excited  by  this  beam 
and  having  high-gradient  longitudinal  electric  fields  can  be  used  to  accelerate 
other  bunches.  In  the  second  case,  a  strong  focusing  can  be  attained  with  a 
long  narrow  beam,  making  use  of  its  intrinsic  magnetic  field  which  is  unbalanced 
because  of  space  charge  compensation  by  the  plasma. 

Apart  from  the  transverse  forces,  the  bunch  particles  are  also  influenced  by 
powerful  longitudinal  forces  on  the  side  of  electric  wake  fields.  The  longitudi¬ 
nal  fields  will  give  rise  to  a  longitudinal  modulation  of  the  electron  bunch,  i.e., 
to  a  splitting  of  an  originally  uniform  bunch  into  microbunches  with  a  modu¬ 
lation  period  Xp  =  27rc/u;p  =  3.36  •  lO^nQ  cm.  In  particular,  in  the  plasma 
with  a  particle  density  of  10^^  cm”^  the  modulation  period  is  0.3  mm.  The 
effect  of  longitudinal  REB  modulation  by  wake  fields  can  be  used  for  developing 
plasma  modulators  of  dense  electron  beams.  It  is  pertinent  to  note  one  more 
feature  of  this  phenomenon.  Since  the  modulation  frequency  is  coincident  with 
the  plasma  frequency,  the  wake  fields  of  microbunches  are  then  combined  coher¬ 
ently.  Therefore,  the  electron  bunch  modulation  will  involve  an  increase  in  the 
amplitude  of  the  wake  field  behind  the  bunch.  This  effect  opens  up  a  possibility 
of  using  long-pulse  electron  bunches  to  excite  intense  wake  fields  in  a  plasma.  It 
is  particularly  remarkable  that  the  effect  of  longitudinal  modulation  at  a  plasma 
frequency  takes  place  for  a  long  laser  pulse,  too  [14]. 
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Previously  in  [15],  a  theoretical  study  has  been  made  into  the  process  of 
modulation  of  long  electron  bunches  in  a  plasma  by  longitudinal  wake  fields. 
Results  were  reported  there  for  one-dimensional  numerical  simulation  of  nonlin¬ 
ear  dynamics  of  bunch  modulation.  It  was  demonstrated  in  ref.  [15]  that  the 
particle  modulation  of  a  long  bunch  moving  in  the  plasma  causes  an  increase  in 
the  wake  wave  amplitude.  This  effect  is  accounted  for  by  coherent  combining 
of  fields  excited  by  microbunches,  into  which  the  bunch  is  split  in  the  course  of 
modulation.  The  bunch  is  modulated  at  a  plasma  frequency.  The  investigation 
of  the  one-dimensional  approximation  is  justified  in  the  case  of  great  transverse 
dimensions  (27rrb/Aj3  ^1). 

The  present  report  deals  with  the  2.5-dimensional  numerical  simulation  of 
wake  fields  by  long  REB. 

The  excitation  of  wake  fields  is  investigated  with  an  aid  of  the  2D3V  axially 
symmetric  version  of  the  SUR  code  being,  in  turn,  a  further  development  of 
the  COMPASS  code  [16].  Earlier,  this  code  was  used  to  simulate  the  induction 
accelerator  [17],  the  modulated  relativistic  electron  beam  [18j,  and  a  single  REB 
or  a  train  of  these  bunches  in  a  plasma  [16,  18,  19,  20,  21]. 

The  dynamic  of  REB  is  described  by  the  relativistic  Belyaev-Budker  equa¬ 
tions  for  the  distribution  functions  of  the  plasma  particles  of  each 

species  and  by  the  Maxwell  equations  for  the  self-consistent  electric  E  and  mag¬ 
netic  B  fields.  We  assume  that,  initially,  a  cold  two-component  back-ground 
plasma  {mi/rrie  =  1840,  where  rrii  and  ttiq  are  the  ion  and  electron  masses)  fills 
the  entire  region  [0,  L]  x  [0,  R],  where  L  =  100  cm  and  R  =  10  cm. 

The  scale  on  which  the  electric  and  magnetic  fields  vary  is  rrieCuJple.  We 
assume  that  the  plasma  and  bunch  particles  escape  from  the  computation  region 
through  the  z  =  ^  and  z  =  Z  boundary  surfaces  and  are  elastically  refiected  from 
the  r  =  R  surface.  We  also  assume  that  cold  background  electrons  and  ions  can 
return  to  the  computation  region  from  the  buffer  zones  z  and  z  >  Z.  The 
boundary  conditions  for  the  fields  corresponds  to  the  metal  wall  at  the  cylindrical 
surface  r  =  R  and  free  emission  of  electromagnetic  waves  from  the  right  and  left 
plasma  boundaries.  The  weight  of  the  model  particles  was  a  function  of  the 
radial  coordinate,  and  the  total  number  of  these  particles  was  about  10^.  All  the 
calculations  were  carried  out  on  a  Pentium- 133  personal  computer  with  the  use 
of  the  modified  particle-in-cell  simulation  algorithm. 

In  order  to  analyze  the  dependence  of  the  amplitude  of  the  excited  fields  on 
the  number  of  bunches  injected  into  plasma  we  carried  out  a  series  of  calculations. 


2.2.  Results  end  discussion 

Figures  4  to  6  show  spatial  distributions  of  the  longitudinal  electric  field 
electric  charge  density  of  electrons,  longitudinal  current  density  of  electrons, 
respectively,  for  the  instant  of  time  t  =  60ct;“^  (a)  and  t  =  100cd“^  (b). 

It  is  seen  from  Fig.  4  that  the  longitudinal  electric  field  rapidly  grows  reach¬ 
ing  O.SmeCLOp/e.  Note  that  the  original  beam  particle  density  was  only  1.8%  of 
the  plasma  electron  density.  The  radial  electric  field  Er  also  grows,  but  it  reaches 
a  somewhat  lower  value  OArrieCWp/e.  It  is  significant  that:  (i)  the  finite  length 
of  the  initial  bunch  is  responsible  for  the  formation  of  the  growing  electric  field; 
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(ii)  the  electric  field  has  a  rather  high  amplitude  near  the  axis,  this  being  due 
to  microbunch  pinching;  (iii)  the  evolution  of  the  instability,  giving  rise  to  mi¬ 
crobunches,  leads  to  some  decrease  in  the  phase  velocity  of  the  perturbed  wake 
wave. 


FIG.  4.  Axial  electric  field  Ez  versus  the  axial  ^-coordinate  and  the  radial  r-coordinate. 

From  Fig.  5  it  is  seen  that  the  electric  charge  density  distributions  of  plasma 
electrons  el.Q  are  similar  to  the  spatial  distributions  of  the  longitudinal  electric 
field  Ez>  The  highest  density  value  is  attained  for  the  8th  microbunch  and  is 
4.5no.  It  is  of  importance  to  note  that  the  maximum  of  the  beam  particle  charge 
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density  corresponds  to  the  5th  microbunch  rather  than  to  the  8th  microbunch 
and  is  equal  to  l.Cno,  this  being  two  orders  of  magnitude  higher  than  the  initial 
beam  particle  density  value  in  the  long  bunch. 


FIG.  5.  Plasma  electron  density  versus  the  radial  r-coordinate  and  the  axial  ;2-coordinate. 

The  spatial  distribution  of  the  longitudinal  current  density  of  plasma  elec¬ 
trons  el.Jhz  (Fig.  6)  also  correlates  rigidly  with  the  longitudinal  electric  field 
distribution.  Here  attention  must  be  given  to  the  peak  current  value  for  the  8th 
microbunch,  which  is  two  orders  of  magnitude  higher  than  the  initial  longitudinal 
current  value  of  REB  particles. 
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FIG.  6.  Spatial  distribution  of  the  longitudinal  current  density  of  plasma  electrons. 


The  present  results  show  that  the  nonlinear  picture  in  the  plasma-REB  sys¬ 
tem  drastically  differs  from  both  the  initial  picture  corresponding  to  the  rigid 
REB  and  the  one  by  the  scenario  following  from  the  one-dimensional  numerical 
modulation  (cf.  [15]).  This  supports  in  full  measure  the  conclusion  given  in  ref. 
[12]  about  the  necessity  of  taking  into  complete  account  the  three-dimensional 
eflPects  and  the  nonlinear  behavior  of  both  the  plasma  and  the  bunch. 
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3.  Conclusions 

In  this  work  the  process  of  EMR  excitation  by  an  electron  beam  is  also  investi¬ 
gated  in  the  case  of  the  plasma  waveguides  where  the  plasma  density  varies  along 
the  system  according  to  the  periodic  (harmonic)  law.  In  the  examined  system 
the  plasma  wave  is  synchronous  with  the  beam.  The  plasma  wave  is  paramet¬ 
rically  coupled  with  the  fast  EMW  propagating  in  the  vacuum  gap  between  the 
plasma  boundary  and  the  conductive  jacket.  The  coupling  is  stimulated  by  the 
plasma  density  periodic  inhomogeneity. 

It  is  demonstrated  that  in  this  system  the  process  of  the  plasma  wave  para¬ 
metric  transformation  into  EMR  stimulates  the  increase  of  efficiency  of  the  power 
pumpover  from  the  electron  beam. 

Plasma  density  periodic  inhomogeneity  may  be  realized  by  excitation  of  the 
short  ion-sound  wave  in  plasma.  In  this  case  the  ponderomotive  force  of  HE 
pressure  creates  the  feedback  of  the  plasma-  and  EM  waves,  which  causes  the 
increase  of  the  ion-sound  wave  (the  plasma  density  modulation  depth  amplifica¬ 
tion)  and,  correspondingly,  diminution  of  the  length  of  the  plasma  wave  energy 
transformation  into  radiation. 

The  spatial  density  distributions  of  REB  and  plasma  electrons  obtained  for 
the  instances  of  time  t  =  60a;“^  and  t  =  lOOu;^  ^  show  that  the  density  ratio 
n^/no  (the  initial  value  being  0.018)  reaches  0.04  as  early  as  at  t  =  60a;"^  At 
t  =  100a;“^,  the  highest  beam  particle  density  becomes  commensurable  with 
the  plasma  density,  i.e.,  a  very  strong  modulation  of  beam  particle  density  is 
observed. 

The  spatial  distributions  of  the  longitudinal  and  transverse  Er  electric 
fields  show  that  the  Ez  and  Er  amplitudes  grow  owing  to  the  enhancement  in 
the  density  modulation.  At  ^  =  lOOo;^ ^  the  highest  longitudinal-field  ampli¬ 
tude  reaches  0.8meCa;p/e,  and  the  highest  transverse-field  amplitude  is  equal  to 
{^ArrieCujple,  It  is  essential  that  the  amplitude  growth  occurs  only  within  a  mod¬ 
erate  REB  length.  Therefore,  there  is  little  point  in  using  the  REB  of  the  length 
greater  than  that  corresponding  to  the  highest  longitudinal-field  amplitude,  oth¬ 
erwise  no  increase  in  the  excited  wake  field  will  be  attained. 

The  undertaken  numerical  experiments  have  demonstrated  that  the  nonlinear 
dynamics  of  the  particles  of  plasma  components  and  bunches  results  in  the  fol¬ 
lowing  effects:  (i)  the  transverse  dimension  of  bunches  varies  within  a  very  wide 
range;  (ii)  close  to  the  axis  of  the  system  an  ion  channel  is  formed,  which  is  a 
contributory  factor  for  the  stabilization  of  bunch  propagation  and  the  growth  of 
bunch-generated  fields;  (iii)  an  essential  increase  in  the  amplitudes  of  excited  elec¬ 
tric  fields  takes  place  in  the  case  of  a  long  bunch  as  a  result  of  its  self-modulation. 
However,  bunches  of  optimum  length  should  be  used,  since  any  excess  of  the  op¬ 
timum  length  of  the  bunch  fails  to  provide,  even  at  self-modulation,  the  growth 
in  the  amplitudes  of  excited  electric  fields. 
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Recent  experimental  work  on  taming  instabilities  in  plasma  discharges  is  discussed.  Instead  of 
suppressing  instabilities,  it  is  desired  to  achieve  control  over  their  dynamics,  done  by  perturbing 
appropriately  the  current  flow  in  the  external  circuit  of  the  discharge.  Different  discrete  and 
continuous  feedback  as  well  as  open-loop  control  schemes  are  applied.  Chaotic  oscillations  in 
plcisma  diodes  are  controlled  using  the  OGY  discrete  feedback  scheme  [Ott  et  a/.,  Phys.  Rev. 
Lett.,  64,  1196  (1990)].  This  is  demonstrated  both  in  experiment  and  computer  simulation. 
Weakly  developed  ionization  wave  turbulence  is  tamed  by  continuous  feedback  control.  Open- 
loop  control  of  stochastic  fluctuations  -  stochastic  resonance  -  is  demonstrated  in  a  thermionic 
plasma  diode. 


1.  Introduction 

Waves  and  instabilities  in  plasmas  have  been  the  subject  of  intense  research 
for  more  than  thirty  years.  The  mathematical  treatment  of  the  problem  is  enor¬ 
mously  simplified  by  making  two  assumptions:  (i)  the  plasma  is  of  infinite  extend 
and  (ii)  perturbations  due  to  instability  are  small,  thus  allowing  for  linearization. 
The  reality  of  laboratory  plasmas,  however,  demands  for  a  better  understand¬ 
ing  of  the  nonlinear  dynamics  of  instabilities  in  bounded  plasmas.  Nonlinearity 
combined  with  dissipation  (as  introduced  by  boundaries)  can  lead  to  chaotic 
behavior  of  oscillations  and  waves,  the  latter  also  known  as  weakly  developed 
turbulence  [1].  During  the  last  two  decades  great  progress  was  made  in  the  un¬ 
derstanding  of  the  general  principles  of  nonlinear  dynamics.  New  applications 
of  control  theory  were  suggested  by  taking  advantage  of  the  stability  analysis  in 
the  dynamical  phase  space  [2].  It  is  the  goal  of  the  present  paper  to  discuss  our 
recent  experiments  and  computer  simulations,  dealing  with  the  active  control 
of  the  nonlinear  dynamics  of  instabilities  in  bounded  plasma  devices.  We  focus 
our  attention  on  two  distinct  plasma  problems,  the  stability  of  the  current  flow 
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in  collisionless  plasma  diodes  and  ionization  instabilities  in  collisional  glow  dis¬ 
charge  plasmas.  It  is  emphasized  that  the  present  approach  differs  conceptually 
from  previous  work  on  feedback  control  of  plasmas  [3] . 

The  paper  is  structured  as  follows:  In  the  next  section  we  briefly  outline 
the  basic  concepts  of  different  control  schemes.  In  Sec.  3  we  discuss  computer 
simulations  and  experiments  on  chaos  control  in  collisionless  plasma  diodes.  Sec. 
4  is  devoted  to  the  control  of  weak  ionization  wave  turbulence.  The  problem  of 
taming  stochastic  behavior  is  addressed  in  Sec.  5,  where  the  stochastic  resonance 
phenomenon  is  demonstrated  in  a  plasma  diode.  Conclusions  are  drawn  in  the 
final  Sec.  6. 


2.  General  overview  of  control  of  dynamical  systems 


2.1.  Suppression  and  control  of  chaos 

In  many  practical  situations,  it  is  of  general  interest  to  achieve  control  over 
the  dynamics  of  a  physical  system.  The  most  simple  way  to  accomplish  this 
task  is  to  find  a  suitable  control  parameter  and  simply  to  select  the  desired 
state.  However,  this  may  be  costly  or  even  impossible  if  the  access  to  the  control 
parameter  is  limited  by  additional  constraints.  It  is  thus  more  promising  to 
modify  the  dynamical  system  by  introducing  an  additional  degree  of  freedom 
that  can  be  adjusted  from  exterior.  This  additional  degree  of  freedom  is  typically 
a  perturbation  of  either  the  control  parameter  or  a  suitable  system  input  and  it 
is  the  task  of  control  theory  to  provide  the  optimal  control  signal. 

Clearly  a  challenge  is  the  control  of  the  chaotic  dynamics  of  a  physical  sys¬ 
tem.  This  problem  is  known  as  ‘control  of  chaos’  and  a  comprehensive  overview 
over  this  rapidly  growing  field  is  given  in  the  book  edited  by  Schuster  [2].  Sub¬ 
sequently  we  give  a  brief  review  of  the  most  common  chaos  control  strategies. 

Schematic  diagrams  of  four  standard  general  control  schemes  are  depicted  in 
Fig.  1.  It  is  distinguished  between  open- loop  and  closed- loop  control  [4].  We 
focus  here  on  the  control  of  chaos,  i.e.,  the  initial  dynamics  is  irregular  and  it 
is  desired  to  achieve  a  regular  (more  explicitly:  a  periodic)  state.  Open-loop 
control  of  chaos.  Fig.  1(a),  is  usually  done  by  weak,  resonant  harmonic  pertur¬ 
bations  [6,  7].  The  control  signal  is  pre-determined  rather  than  obtained  from 
the  dynamics  of  the  system.  It  is  applied  either  to  an  accessible  parameter  or  is 
simply  superimposed  on  the  input.  Schematic  diagrams  of  different  closed-loop 
chaos  control  strategies  are  shown  in  Fig.  1  (b-d) .  Classical  feedback  attempts  to 
achieve  a  stationary  state  by  perturbing  the  system  by  empirical  feedback  sig¬ 
nals  that  are  usually  obtained  by  filtering,  phase  shift,  and  amplification  [4].  The 
idea  of  chaos  control,  however,  is  more  subtle.  The  goal  of  those  strategies  is  to 
stabilize  the  unstable  periodic  orbits  (UP Os)  that  are  embedded  within  a  chaotic 
attractor  [8].  The  main  difference  to  classical  feedback  control  is  that  the  UP  Os 
are  not  deformed,  i.e.,  the  controlled  (regular)  state  is  part  of  the  uncontrolled 
dynamics.  The  most  common  feedback  control  schemes  are  the  Ott-Grebogi- 
Yorke  (OGY)  method  [9,  10]  and  the  time-delayed  autosynchronization  (TDAS) 
method  [11,  12].  The  OGY  scheme.  Fig.  1(c),  is  in  principle  a  standard  linear 
parametric  discrete  feedback  control  method,  but  acting  directly  in  the  dynami- 
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FIG.  1.  Schematic  diagrams  of  the  four  most  important  control  schemes,  (a)  Resonant  open 
loop  control  resp.  taming,  (b)  classical  closed-loop  feedback  control,  (c)  Ott-Grebogi-Yorke 
discrete  feedback  control,  and  (d)  time-delayed  autosynchronisation.  Prom  [5]. 


cal  phase  space.  Though  based  on  discrete  time  systems,  it  can  be  applied  in  the 
continuous-time  case  by  considering  the  time-discrete  system  obtained  from  the 
induced  dynamics  in  the  Poincare  section.  The  OGY  technique  was  seminal  to 
the  field  and  has  an  instructive  geometrical  interpretation,  see  Ref.  [13].  In  the 
TDAS  scheme,  the  feedback  signal  is  continuously  generated  by  time  delay  of 
the  signal  to  be  controlled.  This  makes  the  analysis  of  the  control  process  being 
a  more  difficult  task  and  many  results  on  TDAS  control  are  hinged  on  numerical 
and  semi-empirical  methods  [14].  Recently  the  stability  analysis  of  TDAS,  using 
Floquet  theory,  has  shown  that  control  is  achieved  only  if  the  phase  space  orbits 
make  an  appropriate  turn  during  their  evolution  [15]. 


2.2.  Stochastic  resonance 

After  briefly  discussing  how  to  control  deterministic  chaos,  we  may  now  turn  our 
attention  to  the  prospects  of  control  of  stochastic  motion,  where  the  reasoning  in 
a  low-dimensional  phase  space  is  generally  inappropriate.  At  first  glance  it  seems 
to  be  hopeless  to  tame  a  stochastic  process.  However,  under  certain  conditions, 
external  perturbations  can  influence  stochastic  behavior  in  a  well-controlled  way. 

One  such  effect  is  known  as  ‘stochastic  resonance’.  Stochastic  resonance  (SR) 
is  a  phenomenon  in  which  the  response  of  a  nonlinear  dynamical  system  to  weak 
periodic  input  signals  is  optimized  by  the  presence  of  a  particular  level  of  noise 
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[16,  17].  It  is  important  to  realize  that  SR  does  not  achieve  control  in  its  very 
sense  but  introduces  a  certain  coherence  into  a  stochastic  system.  It  is  hence 
reasonable  to  consider  it  as  a  particular  type  of  open-loop  control  scheme  that 
does  not  rely  on  the  presence  of  UPO,  on  low-dimensional  dynamics,  but  on 
multistability  and  the  presence  of  noise. 

The  basic  SR  mechanism  can  be  explained  in  simple  terms.  Consider  a 
symmetric  bistable  double-well  system  described  by  the  potential 

(2.1)  V  (a;)  —  ex  -  ax^  +  (Sx"^  (a  >  0,  /?  >  0) . 


The  graph  of  (2.1)  is  shown  in  Fig.  2  for  (a)  e  =  0,  (b)  e  >  0,  and  (c) 
e  <  0.  For  e  =  0  we  obtain  a  symmetric  double- well  potential  with  two  stable 
equilibrium  points  at  ±c  =  ±^/2aj(3.  The  black  ball  represents  one  of  these 


Fig.  2.  Basic  mechanism  of  stochastic  resonance.  The  deformation  of  the  double- well 
potential  determines  the  stability  of  the  equilibrium  points. 


equilibrium  states  and  the  two  gray  balls  small  deviations.  If  the  double- well 
potential  is  perturbed  by  a  negative  force  (e  >  0)  a  deviation  from  the  one 
equilibrium  point  -|-c  eventually  leads  to  a  spontaneous  transition  to  the  other 
at  —  c,  i.e.,  the  equilibrium  point  at  H-c  suffers  a  loss  of  stability.  The  perturbation 
by  a  positive  force  (e  <  0)  makes  the  equilibrium  point  at  -he  being  more  stable. 
The  parameter  e  is  now  replaced  by  Acosujit  +  V^^(i),  where  ^(t)  represents 
Gaussian  distributed  white  noise  of  variance  cr.  The  described  changes  of  the 
stability  become  dynamic  and  the  double-well  is  sinusoidally  modulated  while 
stochastically  induced  transitiqps  between  the  equilibrium  points  occur.  Due 
to  the  modulation,  transitions  iDecome  much  more  probable  at  fixed  phase  of 
the  modulation  signal.  This  makes  the  previously  stochastic  motion  (in  the 
unperturbed  case)  being  more  regular. 

Generally  speaking,  SR  is  the  cooperative  effect  between  the  noise  and  the 
weak  signal  that  introduces  to  a  certain  degree  ‘coherence’  in  the  system.  As  a 
consequence  the  dynamics  becomes  -  on  the  average  -  periodic  instead  of  fully 
stochastic.  This  is  most  clearly  observed  in  the  power  spectrum  by  a  sharp  peak 
at  cji  appearing  on  the  broad  background  noise. 
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3.  Taming  chaotically  oscillating  plasma  diodes 

Among  the  broad  class  of  collisionless  bounded  plasmas,  diode-like  configurations 
play  a  highly  important  role  [18].  A  plasma  diode  is  characterized  by  an  emitter 
and  a  collector  electrode,  where  charged  particles  are  injected  and  absorbed, 
respectively.  Many  of  the  common  plasma  discharge  configurations  are  in  fact 
diodes,  especially  discharges  operating  with  direct  current  (dc).  In  this  section 
we  show  by  experiment  and  computer  simulation  the  control  of  chaos  in  plasma 
diodes. 


3.1.  The  Pierce-diode 

Of  fundamental  importance  for  basic  studies  of  bounded  plasmas  is  the  Pierce- 
diode  [19],  an  idealized  one-dimensional  model  of  a  collisionless  plasma  diode. 
We  note,  however,  that  the  Pierce-diode  has  no  straightforward  experimental 
correspondent  though  relationships  between  generalized  Pierce-diodes  and  ex¬ 
perimental  thermionic  diodes  (see  below)  have  been  discovered  [20,  21]. 

The  Pierce-diode  configuration  consists  of  a  beam  of  cold  electrons  that  is 
injected  at  the  emitter  and,  after  transit,  absorbed  at  the  collector.  The  two 
electrodes  are  short-circuited  and  grounded.  Ions  are  assumed  to  be  immobile 
and  form  a  homogeneous,  neutralizing  background  charge.  The  classical  result 
of  linear  theory  is  that  the  stability  of  the  Pierce-diode  is  solely  determined  by 
the  dimensionless  Pierce-parameter  [19] 

(3.1) 

where  cjpe  =  j eorng  is  the  electron  plasma  frequency  taken  at  the  emitter. 

The  Pierce-parameter  represents  the  transit  time  L/vq  in  units  of  the  phase  of  a 
plasma  oscillation  cycle  [L  is  the  distance  between  the  electrodes).  Above  a  =  tt 
the  Pierce-instability  (the  bounded-plasma  variant  of  the  two-stream  instability) 
leads  to  the  transition  from  uniform  to  non-uniform  equilibrium  by  a  transcritical 
bifurcation. 

With  regard  to  chaotic  dynamics,  the  most  important  phenomenon  is  the 
presence  of  a  small  stability  window  just  below  a  =  Stt.  At  a  2.97r,  a  Hopf- 
bifurcation  occurs  and  a  stable  limit  cycle  is  born.  It  was  discovered  by  Godfrey 
[22]  that  the  establishment  of  periodic  potential  oscillations  gives  rise  to  low¬ 
dimensional  chaos.  The  initial  work  on  chaotic  dynamics  in  the  Pierce-diode 
[22,  23]  was  based  on  the  numerical  solution  of  integral  equations  derived  from 
the  set  of  fluid  equations.  The  subsequently  discussed  results  have  been  obtained 
by  particle-in-cell  (PIC)  simulation  using  the  Berkeley  XPDPl-code  [24]. 

In  agreement  with  the  previous  fluid-simulations  of  Godfrey  [22]  and  Law- 
son  [23],  the  PIC-simulation  of  the  Pierce-diode  reveals  in  the  parameter  regime 
a  €  [2.86577, 2. SStt]  a  period  doubling  cascade  to  low-dimensional  chaos  [26,  25]. 
Prior  to  the  cascade,  single  periodic  oscillations  of  the  plasma  potential  are  es¬ 
tablished  by  a  Hopf-bifurcation  at  a  =  2.877r.  Fig.  3  shows  the  two-dimensional 
attractor  reconstructions  {<l>L/&{t)-,4>Ll2{t)},  where  4>Ljs{t)  =  ^p(A/8,t)  and 


a/7i 


FIG.  3.  Period  doubling  cascade  to  low-dimensional  chaos  in  the  Pierce-diode  [25].  The 
results  are  obtained  from  a  PIC-simulation.  The  top  row  shows  selected  attractor 
reconstructions  {0p{I//8,  i),  (j>p{L/2^  i)}. 

0L/2(^)  =  are  the  electrostatic  potential  at  a;  =  L/8  and  x  =  L/2,  re¬ 

spectively.  The  bifurcation  diagram  is  obtained  from  Poincare  sections  of  phase 
space  attractors  determined  at  the  Pierce-parameter  values  in  the  above  given 
range.  The  chaos  transition  shown  in  Fig.  3  follows  perfectly  the  Feigenbaum- 
scenario  and  the  bifurcation  diagram  has  a  striking  similarity  to  those  obtained 
from  simple  nonlinear  mappings  [27]. 

For  the  chaos  control  study,  a  fixed  Pierce-parameter  value  of  a*  =  2.8567r 
is  chosen  where  a  chaotic  state  is  well  developed.  Control  of  a  periodic  state 
means  stabilization  of  the  corresponding  fixed  point;  the  Poincere  section  (see 
Fig.  3)  yields  the  first  return  map  (/)(n  +  1)  =  F(0(n);  a*)  and  the  fixed  point  (j)* 
is  given  by  the  condition  <^*(n  -h  1)  =  (f)*{n).  The  feedback  stabilization  of  the 
fixed  point  (j)*  is  achieved  by  systematic  and  straightforward  application  of  the 
OGY-control  algorithm  [9].  The  unstable  fixed  point  is  successfully  stabilized 
using  the  control  law 

(3.2)  <^(n)e[<^*-50max,</>*  +  ^<^maoc]  =>  = -X(<^(n)  -  <^*) 

with  the  feedback  parameter  value  K  =  —1.17  ±  0.06,  which  is  explicitly  cal¬ 
culated  from  the  stability  properties  of  the  unstable  fixed  point  <p*  [25].  In  the 
present  case,  the  control  parameter  adjustments  Pn^re  taken  to  be  small  poten¬ 
tial  differences  AU  applied  between  the  two  electrodes.  We  note,  however,  that 
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similar  results  are  obtained  by  perturbing  with  Apn  the  Pierce-parameter  itself. 
The  time  evolution  of  the  stabilization  process  is  depicted  in  Fig.  4,  where 


FIG.  4.  Stabilization  of  the  orbit  of  periodicity  one  by  OGY-control  [25].  The  control  is 
activated  for  i  =  0  —  0.4  ms  and  then  switched  off.  The  phase  space  attractors  for  the 
un-controlled  and  the  controlled  state  (gray  lines)  are  shown  in  the  right. 

a  time  series  of  the  mid-potential  is  shown  while  the  OGY-control  is 

activated.  After  an  initial  transient  the  chaotic  state  is  established.  At  i  « 
0.26  ms  the  potential  enters  for  the  first  time  the  vicinity  of  the  unstable  fixed 
point  and  control  is  activated,  cf.  Eq.  (3.2).  As  a  result,  the  single  periodic  orbit 
is  immediately  stabilized.  The  root  mean  square  (r.m.s.)  values  of  parameter 
changes,  shown  in  the  lower  trace  of  the  diagram  in  Fig.  4,  are  small  compared  to 
the  r.m.s.  values  of  the  mid-potential  fluctuations,  =  0.24%.  Att  =  0.4  ms 
the  control  is  switched  off  and  the  unstable  periodic  orbit  is  left  with  exponential 
divergence  a  exp(A;f). 

With  the  same  approach,  higher  periodic  orbits  are  equally  well  controlled. 
For  a  period-iV  orbit,  N  fixed  points  and  control  laws  have  to  be  deduced  from 
the  2^  —  th  return  map.  For  a  periodicity  higher  than  four,  control  was  found  to 
be  difficult  to  achieve  due  to  numerical  noise.  We  finally  note  that  the  above  de¬ 
scribed  chaos  is  by  far  too  subtle  to  be  observable  in  real  experiments.  Nonethe¬ 
less,  as  we  shall  see  in  the  following,  revealing  control  experiments  have  been 
performed  in  thermionic  plasma  diodes. 


3.2.  The  thermionic  diode 

Experiments  were  conducted  in  a  cylindrical  vacuum  vessel  (diameter  15  cm) 
with  a  filamentary  tungsten  cathode  and  an  opposite  anode  plate  made  of  stain¬ 
less  steel  [28].  The  electron  density  is  typically  in  the  order  of  10^cm“^  and 
the  electron  temperature  is  Tg  k  2eV.  Ions  are  at  gas  temperature  (Argon  at 
p  ss  0.1  Pa  is  used  as  filling  gas)  due  to  charge  exchange  collisions. 

Thermionic  diodes  establish  different  stable  discharge  states  that  are  char¬ 
acterized  by  their  axial  potential  profile  [29,  30].  The  anode  glow  mode  (AGM) 
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is  characterized  by  the  formation  of  a  virtual  cathode  [31].  It  becomes  unstable 
at  a  critical  anode  potential  and  potential  relaxation  oscillations  occur  [32,  33]. 
When  the  anode  potential  exceeds  a  certain  threshold  value,  volume  ionization 
takes  place  but  the  current  is  still  limited  by  the  virtual  cathode.  In  this  regime 
another  type  of  relaxation  oscillation  is  observed  that  can  be  explained  by  ion 
wave  packets  traveling  from  anode  to  cathode  [34].  This  mode  is  called  Langmuir 
mode  (LM)  and  is  established  if  the  plasma  resistivity  is  large.  At  higher  anode 
potential  the  virtual  cathode  region  is  fully  neutralized  and  the  electron  current 
is  limited  only  by  the  temperature  of  the  filaments.  This  mode  is  called  tem¬ 
perature  limited  mode  (TLM)  and  is  stable  [35].  The  three  states  are  associated 
with  a  hysteresis  in  the  current- volt  age  characteristic  which,  in  the  present  case, 
is  not  very  pronounced  due  to  weak  confinement  [36].  To  study  the  dynamical 
response  of  the  discharge  current  (or  plasma  potential),  a  strong  periodic  force 
Ur^  =  5  —  30  Yss  is  superimposed  on  the  static  anode  potential,  chosen  between 
!7d  =  11-25V. 

The  dynamical  current-voltage  characteristic,  Id{t)  versus  Ud{t)  =  Ua~\-Ur^{t)^ 
can  be  interpreted  as  a  phase  space  contour  [38]  since  the  discharge  current  re¬ 
sponse  Id{t)  and  the  (periodically  driven)  discharge  voltage  Ud{t)  can  be  seen  as 
mutually  independent  dynamical  variables.  Such  a  set  of  variables  spans  at  least 
a  subspace  of  the  dynamical  phase  space  of  the  plasma  system.  Generally  speak¬ 
ing,  the  discharge  current  response  is  determined  by  the  ion  dynamics  resulting 
in  the  observed  hysteresis  [32].  Period  doubling  bifurcations  are  observed  in  the 
discharge  current  response  at  high  modulation  degrees  of  approximately  50% 
[37].  The  global  state  of  the  system  sensitively  depends  on  the  driver  amplitude 
Ur^  which  serves  as  appropriate  control  parameter.  The  bifurcation  diagram  in 
Fig.  5  (obtained  from  the  stroboscopically  mapped  discharge  current)  clearly 
shows  the  period  doubling  cascade  of  the  strongly  driven  thermionic  diode  with 
increasing  driver  amplitude.  The  period  doubling  sequence  ends  in  a  chaotic 
attractor  at  ^  7.6  V.  For  Ur^  >  7.6  V  a  sequence  of  periodic  and  chaotic  win¬ 
dows  occur.  In  addition.  Fig.  5  shows  the  reconstructed  phase  space  attractors 
and  power  spectral  densities  of  selected  dynamical  states.  For  increasing  peri¬ 
odicity  it  is  clearly  seen  the  successively  arising  subharmonics.  In  the  chaotic 
state  the  power  spectrum  is  broad;  only  few  peaks  persist  at  integer  multiples  of 
the  driver  frequency.  Although  the  driver  amplitude  was  chosen  as  control  pa¬ 
rameter,  in  principle  other  parameters  can  be  used.  Similar  results  are  obtained 
if  the  neutral  gas  pressure,  the  discharge  length,  the  mean  anode  potential,  or 
the  heating  current  are  changed.  Note  that  a  period-eight  solution  is  difficult 
to  observe  due  to  intrinsic  noise.  To  confirm  that  the  complex  dynamics  of  the 
periodically  forced  thermionic  discharge  is  indeed  chaotic,  estimates  of  the  cor¬ 
relation  dimension  D2  and  the  Lyapunov  spectrum  [39]  have  been  numerically 
calculated.  The  estimated  Lyapunov  exponents  yield  a  Kaplan- Yorke  dimen¬ 
sion  of  Dky  =  2.077  ib  0.039  in  agreement  with  the  attractor  dimensionality 
D2  =  2.063  ±  0.054. 

The  chaotic  current  oscillations  of  the  thermionic  diode  are  controlled  by 
using  a  simplified  version  of  OGY-control  (see  Sec.  2),  proposed  by  Bielawski 
et  al  [40].  Here,  the  difference  of  successively  samples  is  used  instead  of  the 
deviation  of  the  location  of  the  unstable  fixed  point.  This  control  method  has 
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frequency  /  kHz  frequency  /  kHz  frequency  /  kHz  frequency  /  kHz 

Fig.  5.  The  period  doubling  sequence  of  the  strongly  driven  thermionic  diode.  The 
reconstructed  phase  space  attractors  (top  row)  and  corresponding  power  spnctral  densities 
(bottom  row)  are  shown  for  a  period-one  (a),  a  period-two  (b),  and  a  period-four  orbit  (c), 
and  for  a  chaotic  regime  (d).  Prom  [37]. 

certain  restraints  that  can  be  circumvented  by  the  following  modified  control  law 
(memory  difference  control,  MDC  [41]): 

(^•3)  ^Pn  =  ^  *  {^n  “  l)  “  ^  *  Pn-1  j 

where  again  Apn  denotes  perturbations  of  the  control  parameter.  K  is  the 
feedback  gain  factor,  is  the  stroboscopically  sampled  discharge  current  and 
N  -pn-i  denotes  an  additional  memory  term,  G  [— 1, 1].  As  in  the  above  case 
of  the  Pierce-diode,  the  feedback  constants  K  and  N  are  predetermined  by  a 
stability  analysis  of  the  return  map.  The  control  signal  Ap^^  changes  at  discrete 
time  steps  tn  (given  by  the  stroboscopic  sampling)  the  driver  amplitude  around 
the  average  value  LL.  Fig.  6  shows  the  control  of  a  period-one  UPO,  embedded 
within  the  chaotic  attractor  shown  in  Fig.  5(d),  The  figure  shows  the  time  series 
of  the  discharge  current  and  the  corresponding  control  signal.  When  control 
is  activated,  the  UPO  is  stabilized  after  approximately  2  ms,  as  evident  from 
the  strict  periodicity  in  the  discharge  current.  The  average  degree  of  control 
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t/ms 


FIG.  6.  Control  of  a  period-one  UPO  embedded  within  the  chaotic  attractor  shown  in  Fig. 
5(d).  In  the  top  trace  the  time  series  of  the  discharge  current  is  shown,  the  lower  traces  show 
the  corresponding  control  signal.  A  rapid  decay  rate  of  the  control  signal  amplitude  is 
observed.  The  longer  time  series  of  the  control  signal  (bottom  trace)  underlines  that  the 
magnitude  does  not  exceed  a  value  of  3%, 


4.  Taming  weakly  turbulent  ionization  waves 

Ionization  waves  propagate  in  the  positive  column  of  simple  cold-cathode  col- 
lisional  glow  discharges.  By  use  of  noble  gases,  here  neon,  stepwise  ionization 
processes  become  important  owing  to  metastable  states.  The  interplay  of  en¬ 
ergy  transfer  between  neutral  gas  atoms  and  electrons  leads  to  low-frequency 
instabilities  of  the  ionization  degree  of  the  plasma.  This  instability  forms  in  the 
positive  column  a  chain  of  striations  that  axially  propagate,  the  ionization  waves 
[42,  43,  44].  Ionization  waves  are  essentially  one-dimensional  nonlinear  waves 
that  incorporate  electron  temperature  fluctuations  which  lead  to  a  local  change 
of  ionization  and  excitation  of  neutrals.  In  the  following  we  describe  experiments 
on  the  control  of  weakly  developed  ionization  wave  turbulence.  Ionization  wave 
turbulence  was  already  the  subject  of  intense  research  [45]. 
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4.1.  Experimental 

Experiments  are  performed  in  simple  glass  discharge  tubes  of  400—800  mm  length 
and  20  —  30  mm  inner  diameter.  The  neon  gas  pressure  is  between  100  —  200  Pa. 
The  discharge  current  is  limited  by  a  series  resistor  in  the  external  circuit  and 
the  discharge  current  may  be  varied  between  5  -  20  mA.  Fluctuations  of  the 
discharge  current,  the  local  electric  field,  and  the  integral  light  emission  fiux 
are  recorded.  Since  the  light  emission  is  a  local  but  non-intrusive  diagnostic 
(in  contrast  to  electrical  probes)  large  arrays  of  photo-transistors  or  charge- 
coupled-devices  (CCD)  may  be  used  without  perturbing  the  plasma  dynamics. 
This  allows  one  to  observe  the  spatio-temporal  evolution  of  the  essentially  one¬ 
dimensional  ionization  wave  dynamics. 


4.2.  Discrete  feedback  control 

By  modulating  the  discharge  current  with  the  sinusoidal  output  signal  of  a  func¬ 
tion  generator,  a  quasiperiodic  state  is  established  and  above  a  certain  threshold 
value  of  the  modulation  degree  m  =  /d//d?  ^  low-dimensional  chaotic  attractor 
establishes  via  break-up  of  the  two-torus  [46,  47].  The  modulation  degree  {m  is 
typically  in  the  realm  of  only  a  few  percent)  is  thus  taken  as  the  control  param¬ 
eter  of  the  dynamics.  Using  stroboscopic  sampling  of  the  light  fluctuations  it  is 
rather  straightforward  to  apply  simplified  versions  of  the  OGY  control  strategy. 
For  further  details  we  refer  to  the  paper  of  Weltmann  et  al  [48] . 


4.3.  Continuous  feedback  control 

The  above  used  OGY-type  control  techniques  generally  require  a  detailed  knowl¬ 
edge  of  the  return  map  of  the  dynamics.  From  the  experimental  point  of  view, 
this  is  no  serious  obstacle  in  periodically  driven  systems,  where  the  driver  pe¬ 
riod  can  be  taken  as  clock  to  record  stroboscopically  the  fluctuations.  However, 
ionization  waves  chaos  and  turbulence  frequently  occurs  without  any  external 
periodic  driving  force  and  the  technical  requirements  on  the  on-line  construction 
of  the  return  map  become  demanding.  In  such  cases,  continuous  feedback  control 
is  much  more  favorable  since  it  does  not  rely  on  the  knowledge  of  the  Poincare 
section.  We  describe  subsequently  experimental  studies  where  autonomous  ion¬ 
ization  wave  chaos  is  controlled  by  continuous  feedback  based  on  the  TDAS 
scheme  proposed  by  Pyragas  (see  Sec.  2). 

The  application  of  the  TDAS-method  is  not  as  straightforward  as  in  purely 
time-dependent  systems,  where  the  feedback  signal  is  just  the  difference  between 
the  original  and  the  time-delayed  signal  (see  Sec.  2).  The  wave  character  of 
the  ionization  instabilities  introduces  an  additional  parameter  in  the  control 
equations.  Conditions  for  control  do  not  only  depend  on  the  time  delay  r  but 
also  on  the  axial  position  of  the  detector  (optical  fiber).  The  preselection  of 
the  time  delay  r  corresponds  to  the  preselection  of  a  wavelength  A^.  In  addition, 
a  phase  matching  condition  (the  Barkhausen  condition)  determines  the  possible 
detector  positions. 

In  the  following  we  discuss  experiments,  where  the  slowest  p-wave  mode  in 
ionization  wave  turbulence  is  stabilized.  Fig.  7  shows  the  stabilization  process 
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FIG.  7.  Control  of  turbulent  ionization  waves  by  time  delay  auto-synchronization.  In  (a)  the 
spatiotemporal  representation  of  the  ionization  waves  during  the  process  of  stabilization  is 
shown.  The  horizontal  dashed  line  marks  the  position  of  the  optical  fiber.  Diagonal  lines  mark 
wave  fronts  of  strong  perturbations  that  propagate  through  the  positive  column  from  cathode 
to  anode,  (b)  shows  the  control  signal.  Large  amplitudes  coincide  with  strong  perturbations 
in  the  integral  light  emission.  In  (c)  a  longer  time  series  of  the  control  signal  is  depicted.  The 
time  lag  between  the  onset  of  control  and  final  synchronization  is  approximately  t  =  100  ms. 


of  turbulent  ionization  waves  using  the  TDAS-method.  In  (a)  the  spatiotem¬ 
poral  diagram  of  the  ionization  waves  shows  that  the  stabilization  process  is 
dominated  by  synchronizing  perturbation  fronts  that  propagate  from  cathode  to 
anode  (diagonal  dashed  lines).  The  horizontal  line  marks  the  position  of  the  op¬ 
tical  detector  at  L  =  25  cm,  which  exactly  matches  the  phase  matching  condition 
if  10  wavelengths  are  assumed  to  exist  in  an  effective  discharge  length  /  =  45  cm. 
The  corresponding  control  signal  in  Fig.  7(b)  shows  that  large  amplitudes  always 
coincide  with  large  fluctuations  in  the  integral  light  emission  fluctuations,  due 
to  large  perturbations  that  propagate  from  cathode  to  anode.  The  longer  time 
series  of  the  control  signal  (Fig.  7(c))  reveals  a  significant  decay  of  the  control 
amplitude  ('^  per  period)  until  a  minimum  value  of  less  than  0.1%  is 

reached.  The  modulation  degree  (with  respect  to  the  dc  discharge  current)  is 
very  small  when  compared  to  open- loop  or  simple  feedback  control  methods. 


5.  Taming  of  stochastic  fluctuations 

We  now  return  to  oscillating,  thermionic  plasma  diodes,  where  we  find  exactly 
the  necessary  features  for  applying  the  concepts  of  stochastic  resonance  (SR)  to 
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tame  irregular  behavior:  bistability  and  intrinsic  stochastic  noise.  As  already 
mentioned  in  Sec.  2),  SR  is  not  chaos  control  in  the  sense  of  stabilizing  unstable 
periodic  orbits.  SR  is  a  bona  fide  resonance  and  may  be  used  to  reduce  stochas- 
ticity  in  the  dynamics  of  oscillating  thermionic  discharges.  We  note  that  SR  was 
previously  observed  in  a  magnetoplasma  [49]. 

In  a  recent  SR-experiment  conducted  in  a  thermionic  discharge  we  found 
that  small  periodic  perturbations  significantly  reduce  the  low-frequency  noise 
level,  which  is  due  to  stochastically  induced  jumps  between  two  oscillatory  states 
[50].  The  bistability  of  thermionic  plasma  diodes  becomes  evident  by  the  well- 
known  hysteresis  in  the  /d(t/d)“Characteristic  [36,  51].  Knorr  [52]  suggested  a 
phenomenological  description  based  on  bifurcation  theory:  It  is  introduced  a 
classical  potential  V{i)  with  an  order  parameter  i,  the  appropriately  normalized 
and  rescaled  discharge  current.  The  expression  for  the  classical  potential  reads 

(5.1)  V (i)  —  ai^  +  ui , 

where  u  is  the  (normalized)  discharge  voltage  and  ce  is  a  parameter.  Eq.  (5.1) 
is  the  canonical  form  of  a  cusp  catastrophe  [38].  The  set  of  equilibrium  points 
is  given  by  dV/di  =  0.  Starting  at  low  u-values  the  initially  stable  equilibrium 
state  becomes  unstable  at  the  transition  point  with  a  vertical  tangent  in  the 
equilibrium  curve.  It  occurs  a  sudden  jump  and  the  other  equilibrium  state  is 
established.  The  same  happens  in  the  reversed  direction  when  u  is  decreased 
while  sitting  on  the  upper  branch.  This  is  considered  as  a  heuristic  model  of 
the  hysteresis  in  the  establishment  of  the  AGM  and  the  LM/TLM  in  thermionic 
discharges.  It  is  important  to  note,  however,  that  the  two  equilibrium  states  are 
non-stationary,  oscillating  states.  The  classical  potential  (5.1)  has  the  same  form 
as  the  generic  double-humb  potential  Eq.  (2.1)  in  the  general  description  of  SR 
in  Sec.  2.  The  stochastic  behavior  is  understood  as  follows.  The  hysteresis  curve 
of  the  magnetized  thermionic  discharge  is  very  narrow,  only  a  few  Volts.  Close 
to  the  transition  points  the  above  described  strong  nonlinear  oscillations  occur. 
Stochastic  fluctuations  in  the  oscillation  amplitude  (incoherence)  occasionally 
induce  transitions  AGM  ^  LM  by  increased  and  decreased  ion  production,  re¬ 
spectively.  The  discharge  voltage  determines  the  closeness  to  either  the  AGM- 
or  the  LM-oscillation  mode  and  thus  controls  the  statistics  of  the  sudden  jumps. 

To  investigate  the  influence  of  a  small  perturbation  signal,  the  dc  discharge 
voltage  C/q  =  21.1V  is  modulated  by  a  weak  signal  of  a  few  tenths  of  millivolts. 
The  modulation  frequency  is  chosen  to  be  of  the  order  of  the  Kramers  time  which 
is  estimated  from  the  statistics  of  the  unmodulated  discharge.  The  result  of  the 
experiment  is  shown  in  Fig.  8.  Without  any  modulation  a  stochastic  sequence 
of  AGM-  and  LM-oscillations  is  found  [Fig.8(a)].  To  emphasize  the  stochastic 
nature  of  the  behavior  (and  to  facilitate  the  statistical  analysis)  a  binarisation 
procedure  was  applied  to  the  current  signal:  1  is  associated  with  the  oscillating 
LM  and  0  corresponds  to  the  oscillating  AGM.  The  lower  trace  in  Fig.  8(a)  shows 
the  binary  sequence.  Modulation  with  a  small  signal  of  amplitude  U{  =  80  mVss 
significantly  changes  the  transition  behavior  [Fig.  8(b)].  At  each  minimum  of  the 
modulation  signal  there  is  increased  probability  for  an  LM  AGM-transition 
and  at  each  maximum  the  same  happens  for  the  AGM  ->  LM-transition.  As 


320 


T.  Klinger,  N.  0.  Krahnstover,  T.  Mausbach,  A.  Piel 


T  (ms)  T  (ms) 

Fig.  8.  Time  series  of  the  discharge  current  of  a  thermionic  pzisma  diode,  (a)  Noise-induced 
between  oscillating  AGM  and  LM,  the  lower  trace  show  the  binarisation.  (b)  Synchronisation 
of  the  jumps  by  a  weak  driver  signal,  (c)  Histogram  of  the  residence  time  of  AGM/LM 
without  perturbation  and  (d)  with  perturbation.  The  humps  in  (d)  at  integer  multiples  of  the 
driver  signal  are  taken  as  evidence  for  SR. 


a  result  a  sharp  peak  arises  at  fi  in  the  power  spectrum  to  the  expense  of  the 
noise  underground  (not  shown  here).  In  addition,  the  binary  sequence  is  much 
more  periodic  with  a  periodicity  given  by  integer  multiples  of  the  driver  signal. 
The  difference  between  the  two  states  becomes  more  clear  by  comparing  the 
length  histograms  of  the  two  binary  sequences  [Fig.  8(c)  and  (d)],  also  called 
‘residence  time  distribution’  [53].  In  the  stochastic  case,  we  find  an  exponential 
distribution  whereas  in  the  SR  case  the  histogram  shows  pronounced  humps  at 
integer  multiples  of  the  driver  signal  period  -  a  clear  indication  of  predominatly 
periodic  behavior.  In  conclusion,  the  stochastic  behavior  of  the  thermionic  diode 
in  its  hysteresis  regime  is  very  efficiently  suppressed  (and  thus  controlled)  by  very 
weak  modulation  of  the  discharge  voltage. 

We  finally  note  that  the  SR  effect  was  recently  demonstrated  in  an  ionization 
wave  experiment,  where  noise  is  externally  superimposed  on  the  the  discharge 
current  of  a  neon  glow  discharge  [54],  Due  to  space  restrictions  we  cannot  go 
into  further  detail  and  we  refer  the  reader  to  the  referenced  paper. 
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6.  Summary,  conclusions  and  outlook 

In  the  present  paper  it  has  been  demonstrated  the  high  performance  of  feedback 
control  schemes  that  are  based  on  the  stability  analysis  in  the  dynamical  phase 
space.  In  collisionless  plasma  diodes  chaotic  oscillations  of  current  and  plasma 
potential  could  be  tamed  by  discrete  feedback  control,  i.e.,  periodic  states  em¬ 
bedded  in  the  chaotic  attractor  were  successfully  stabilized.  This  was  demon¬ 
strated  both  for  the  classical  Pierce  diode  (simulation)  and  for  the  strongly  driven 
thermionic  diode  (experiment).  Using  this  type  of  feedback  schemes,  it  is  pos¬ 
sible  to  establish  periodic  operation  of  plasma  diodes  in  regimes  where  usually 
chaotic  oscillations  occur.  This  general  conclusion  can  well  have  engineering  ap¬ 
plications,  in  the  field  where  plasma  diode  configurations  are  used  as  high-power 
microwave  sources. 

The  recent  success  in  chaos  control  was  taken  as  encouragement  to  attack 
the  problem  of  taming  turbulence.  This  is  a  far  more  demanding  task  since  the 
space  extend  enters  in  the  control  problem  as  an  additional  continuous  param¬ 
eter  and  is  not  anymore  described  in  a  low-dimensional  phase  space.  We  have 
shown  that  global,  continuous  feedback  control  can  be  used  to  stabilize  periodic 
states  of  weakly  developed  ionization  wave  turbulence,  which  is  by  nature  one¬ 
dimensional.  Two-  and  three-dimensionally  turbulent  plasma  waves  as  well  as 
fully  developed  turbulence  demand  for  more  advanced  control  techniques,  among 
which  spatially  distributed  feedback  is  currently  the  most  promising  approach 
[2]. 

An  example  for  the  perspectives  of  open- loop  control  of  stochastic  behav¬ 
ior,  the  stochastic  resonance  phenomenon  was  experimentally  demonstrated  in  a 
thermionic  discharge  diode.  Stochastic  resonance  attracted  much  recent  atten¬ 
tion  since  only  weak  periodic  signals  can  efficiently  entrain  noise-induced  jumps 
in  bistable  systems. 

Recent  developments  in  the  control  theory  of  nonlinear  dynamical  systems 
have  found  new  applications  in  the  classical  field  of  feedback  control  of  laboratory 
plasmas.  Future  developments  will  focus  on  the  control  of  extended  systems, 
where  many  important  developments  are  expected  to  happen  in  the  field  of  the 
dynamics  of  plasma  waves. 
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A  recent  trend  in  plasma  etching  of  semi-conductors  has  been  the  move  towards  discharge 
operation  at  low  pressures  of  2  -  20  mTorr,  At  these  conditions  the  electron  distribution 
functions  shows  modest  but  significant  deviations  from  a  fully  nonlocal  distribution.  We  have 
developed  a  model  which  addresses  this  regime  of  modest  deviations  from  the  nonlocal  case 
with  an  efficient  numerical  scheme  to  solve  the  Boltzmann  equation.  Theoretical  results  are 
compared  to  results  of  two-dimensional  Langmuir  probe  measurements.  The  measurements 
confirm  the  main  assumptions  used  in  our  plasma  model  and  show  good  agreement  with  the 
results  of  our  model. 


1.  Introduction 

Low-pressure  gas  discharges  find  wide-spread  applications  in  plasma  materials 
processing  such  as  semi-conductor  manufacturing  and  in  discharge  lighting.  In 
particular,  in  semi-conductor  processing  the  reduction  of  the  feature  size  of  elec¬ 
tronic  devices  has  made  discharge  operation  at  ever  lower  pressure  necessary. 
While  typical  etch  processes  about  a  decade  ago  were  run  at  pressures  of  several 
hundred  mTorr  to  about  one  Torr,  modern  high- density  low-pressure  discharges 
operate  at  pressures  of  2  -  20  mTorr.  Over  the  same  time  also  the  discharge 
dimensions  increased  significantly  due  to  the  introduction  of  larger  wafer  sizes. 
Modern  etch  plasmas  require  plasma  uniformities  of  better  than  a  few  percent 
over  areas  of  eight  to  twelve  inches. 

The  development  of  new  plasma  processes  still  proceeds  mostly  empirically 
since  the  predictive  modeling  of  low-pressure  plasmas  still  presents  considerable 
difficulties.  However,  predictive  plasma  models  could  lead  to  a  reduction  of 
the  development  time  and  costs  of  new  plasma  processes  so  that  a  considerable 
demand  for  such  ’’engineering- type”  models  exists. 

Before  the  introduction  of  low-pressure  high-density  plasmas  the  use  of  fluid 
approximations  for  plasma  modeling  seemed  physically  appropriate.  A  number 
of  plasma  models  were  successfully  developed  to  describe  various  gas  discharges 
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using  fluid  approximations,  e.g.  [1  -  16].  With  only  a  few  exceptions  these 
models  consider  low  temperature  plasmas  as  two-fluid  systems  made  up  of  a 
“hot”  electron  fluid  and  a  “cold”  ion  fluid  which  are  collisionally  coupled  to  the 
neutral  gas  background  [8  -  10].  Fluid  plasma  models  are  particularly  attractive 
due  to  their  computational  efficiency  which  makes  them  suitable  for  engineering- 
type  plasma  modeling. 

However,  the  simple  assumption  of  a  two-temperature  systems  with  a  hot 
electron  fluid  and  a  cold  ion  fluid  only  incompletely  captures  the  real  proper¬ 
ties  of  a  gas  discharge  plasma.  A  general  criticism  of  most  fluid  models  is  the 
inherent  assumption  of  a  Maxwellian  distribution  function  of  the  electrons.  In 
most  gas  discharges  the  degree  of  ionization  is  between  10”®  and  10”^.  As 
a  consequence  electron-electron  and  electron-ion  collisions  are  not  sufficiently 
effective  compared  to  electron-atom  collisions  to  thermalize  the  electron  compo¬ 
nent.  The  non-Maxwellian  character  of  the  electron  distribution  function  in  gas 
discharge  plasmas  has  been  impressively  demonstrated  in  numerous  experimen¬ 
tal  [17,  18,  19,  20,  21,  22]  and  theoretical  studies  [23,  24,  25,  26,  27].  However,  for 
low-pressure  discharges  operated  at  2  -  20  mTorr  a  fluid  approximation  for  the 
electrons  seems  even  more  questionable  since  the  electron  mean  free  path  is  of 
the  same  order  as  the  typical  discharge  dimensions.  In  addition,  a  host  of  kinetic 
phenomena  has  been  discovered  in  these  discharges  which  cannot  be  described 
in  a  hydrodynamic  framework:  Due  to  the  fact  that  the  electron  mean  free  path 
is  of  the  order  of  the  discharge  dimensions  the  electron  distribution  function 
can  no  longer  be  determined  under  the  assumption  of  a  uniform  plasma.  New 
approaches  were  developed  which  took  into  account  the  significant  spatial  non¬ 
uniformity  of  the  plasma  condition  and  its  influence  on  the  electron  distribution 
function  [28,  29,  30],  Effects  of  “nonlocal”  energy  transport  by  the  electrons  were 
discovered  [31,  32]  which  sometimes  manifest  in  seemingly  paradoxical  behavior, 
for  instance,  that  the  mean  kinetic  energy  of  electrons  decreases  towards  regions 
of  high  radiofrequency  field  strengths  and  increases  towards  regions  of  minimum 
RF  field  strength  in  capacitively  coupled  plasmas  [33].  Most  low-pressure  high- 
density  discharges  operate  with  inductive  coupling  or  wave  coupling  (helicon  or 
surface  wave)  or  RF  power.  The  fact  that  the  electron  mean  free  path  is  often 
larger  than  the  RF  field  skin  depth  leads  to  interesting  phenomena  of  anomalous 
skin  effect  and  “nonlocal”  electrodynamics  [34,  35].  The  bounce  frequency  of 
electrons,  i.e.  the  frequency  with  which  electrons  are  reflected  between  adjacent 
sheaths  in  the  discharge,  is  of  the  order  of  the  RF  field  frequency  which  leads 
to  stochastic,  collisionless  heating  effects  [36,  37,  38,  39,  40],  Finally,  nonlinear 
effects  due  to  wave  magnetic  fields  are  thought  to  influence  the  plasma  density 
profiles  [41]. 

In  consequence,  different  techniques  of  kinetic  treatment  of  the  electrons  were 
developed  such  as  Monte-Carlo  simulations  [3,  42],  Particle  in  Cell  Monte  Carlo 
collision  methods  [43],  and  the  Convective  scheme  method  [44,  45].  However, 
these  methods  are  computationally  very  expensive  and  become  impractical  when 
two-  or  three-dimensional  geometries  have  to  be  considered.  Other  studies  fo¬ 
cussed  on  the  solution  of  kinetic  equations  derived  from  the  Boltzmann  equation 
[23,  24,  25,  26,  27].  These  methods  can  be  computationally  much  more  efficient 
but  they  were  initially  limited  to  the  study  of  spatially  uniform  plasmas.  Only 
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recently  these  models  were  extended  to  address  spatially  non-uniform  systems 
[28,  29,  30,  46]  but  at  the  expense  of  a  significant  loss  of  the  computational 
efficiency. 

For  this  reason,  the  ”  nonlocal  approximation”  (NLA)  has  recently  attracted 
considerable  attention.  The  NLA  was  invented  in  1954  by  Bernstein  and  Hol¬ 
stein  [31]  and  renewed  and  extended  by  Tsendin  [32]  in  1974.  Its  main  advantage 
is  that  it  reduces  the  kinetic  description  of  the  electrons  in  systems  of  arbitrary 
geometry  to  the  solution  of  a  spatially-averaged  kinetic  equation,  which  is  a  one¬ 
dimensional,  ordinary  diflferential  equation  in  total  energy.  The  method  requires 
that  the  energy  relaxation  lenght  considerably  exceeds  the  discharge  dimensions 
and  that  the  electric  field  strength  is  moderate.  Under  these  conditions  the  elec¬ 
trons  perform  a  fast  spatial  motion  with  constant  total  energy  while  the  “motion” 
in  energy  space  is  slow.  The  electron  distribution  function  (EDF)  is  then  a  spa¬ 
tially  uniform  function  of  total  energy.  The  EDF  in  terms  of  kinetic  energy  is 
found  from  a  modified  Boltzmann  equation.  More  details  on  this  method  are 
given  below  and  in  review  papers  [47,  48]. 

While  the  NLA  was  successfully  used  to  model  a  number  of  laboratory  ex¬ 
periments  [49,  50,  51,  52],  it  seems  less  suitable  to  the  modeling  of  industrial  size 
large-scale  low-pressure  plasmas.  The  reason  for  this  is  that  large-scale  plasma 
uniformity  in  industrial  discharges  is  mainly  achieved  by  suitable  design  of  the 
reactor  chamber  and  the  RF  electric  field  profiles.  However,  one  peculiarity  of 
the  NLA  is  that  the  EDF  is  determined  solely  by  spatial  averages  of  the  RF 
electric  field  distribution  and  that  it  tends  to  yield  ionization  profiles  which  are 
centered  around  the  geometric  center  of  the  discharge.  In  industrial  discharges 
very  non-uniform  fields  are  employed  to  produce  ionization  profiles  which  can 
peak  in  the  plasma  periphery  in  order  to  achieve  more  uniform  plasma  density 
profiles.  The  NLA  is  not  capable  of  capturing  these  effects.  For  this  reason  we 
have  developed  a  plasma  model  which  uses  an  extended  approach  to  solve  the 
Boltzmann  equation.  This  approach,  which  will  be  called  the  “hybrid  approach” 
in  the  following,  was  first  proposed  by  Kolobov  and  Hitchon  [51].  He  have  im¬ 
plemented  this  approach  and  incorporated  it  into  a  fully  self-consistent  model 
of  a  low-pressure  inductively  coupled  plasma.  The  results  of  this  model  have 
extensively  been  compared  to  an  actual  experiment.  Results  of  this  comparison 
are  presented  in  this  invited  paper. 

The  paper  is  organized  as  follows:  In  Sec.  2  the  plasma  model  is  presented. 
The  experiment  is  briefly  described  in  Sec.  3  and  model  and  experiment  are 
compared  in  Sec.  4.  Conclusions  are  given  in  Sec.  5. 

2.  Kinetic  model  of  an  inductively  coupled  plasma 

Our  model  addresses  an  inductively  coupled  plasma  at  low  pressures  at  which  the 
EDF  shows  modest  deviations  from  the  fully  nonlocal  case.  The  model  consists 
out  of  three  main  modules.  We  assume  rotational  symmetry  around  the  z-axis 
so  that  the  model  can  be  formulated  in  two  spatial  dimensions:  the  radius  r  and 
the  height  .2:.  The  electron  kinetics  is  treated  in  terms  of  the  ’’hybrid  approach”. 
For  the  ions  a  simple  fluid  model  is  used.  The  model  is  complemented  by  an 
electromagnetic  module  for  the  determination  of  the  RF  induced  electric  field. 
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2.1.  The  hybrid  kinetic  model 

The  hybrid  kinetic  approach  is  based  on  the  solution  of  the  electron  Boltzmann 
equation.  We  use  the  standard  assumptions  of  the  two-term  approximation  [53] 
and  the  effective  field  approximation  [54,  25].  This  means,  that  it  is  assumed 
that  the  distribution  function  Fq  is  isotropic  in  velocity  space  and  stationary. 
Temporal  fluctuations  are  limited  to  higher  order  terms  in  the  spherical  harmon¬ 
ics  expansion.  Following  the  philosophy  of  the  NLA,  we  chose  a  formulation  in 
total  electron  energy  in  volts 

(2.1) 

with  rrie  is  the  electron  mass,  e  the  elementary  charge,  v  the  electron  velocity,  and 
$(r,  z)  the  stationary  ambipolar  potential.  In  the  total  energy  representation  the 
kinetic  equation  for  the  main  part  of  the  EDF  Fq  is: 


The  details  of  the  derivation  of  this  equation  can  be  found  in  [47] .  The  electron 
velocity  is  a  function  of  the  total  energy  and  position:  v  =  v{£,r^z)  =  (2e/me  x 
[e  +  ^(r,  ,  The  same  applies  to  the  momentum  transfer  collision  frequency 

Vrn-  The  symbol  Eeff{r^z)  =  E{r,z)/V2  x  -h  is  the  effective 

field  strength  for  Joule  electron  heating  by  the  RF  field  with  the  amplitude 
E(r,  z)  and  the  angular  frequency  w.  In  this  study  we  do  not  consider  stochastic 
heating.  Co{Fo{€^r^z))  is  the  collision  operator.  It  involves  terms  for  inelastic 
(excitation)  collisions,  ionization,  elastic  collisions,  and  Coulomb  collisions.  The 
inelastic  collision  term  is  given  by 

Co.exc.  =  “51  [t'L(w)-Pb(e,f,2^) 
k 

(2.3)  - +  ul)Fo{e  +  4,,r,  z)]  , 

where  the  kinetic  energy  u  =  u{£^r^z)  =  e  +  ^{r^z)  has  been  used  for  clarity. 
The  sum  extends  over  ail  inelastic  excitation  processes  k  with  collision  frequencies 
z/g2,and  threshold  energies  For  the  ionization  term  we  use  the  approximation 
that  the  energy  in  excess  of  the  ionization  energy  is  evenly  distributed  on  the 
primary  and  the  released  electron  [55] 

Co, ion.  =  -E  [i'L{^)Fo{e,r,z)  - 

X  +  M*on)-Pb(£  =  2u  +  -  $(r,  2:),T, i;)] . 


(2.4) 
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The  sum  is  extended  over  all  ionization  processes  k  with  ionization  frequencies 
and  ionization  energies  For  both  ionization  as  well  as  excitation  only 
processes  involving  gas  atoms  or  molecules  in  the  ground  state  are  considered 
here.  The  inclusion  of  collisions  with  excited  atoms  or  molecules  would  require 
a  collisional-radiative  model  to  determine  the  concentration  of  excited  species 
which  is  beyond  the  scope  of  the  current  study. 

The  elastic  collision  term  is  given  by 


(2.5) 


Co 


,elast.  — 


1  d 

de 


3/2 


KUrn 


with  n  =  2me/Ma,  Ma  the  atom  mass,  Tg  the  gas  temperature,  and  ks  the 
Boltzmann  constant. 

The  well-known  Fokker-Planck  operator  is  used  to  include  electron-electron 
collisions  [56]: 


(2.6) 

with 


(2.7) 


(2.8) 

(2.9) 


r  d 

u^/2  de 


H (e,  r,  z)Fo  {e,  r,  z)  +  -G{e,  r,  z) 


Co,ee  — * 
dFo{e,r,  z}' 
de 


u{r,z) 

H{£,r,z)  = 

/  Fb(u', r, z)v!^'‘^du\ 

J 

0 

u{r,z) 

p 

Gie,r,z)  - 

/  Fo{u\  r,  z)u'^^‘^du' 

0 


oo 


J  FQ{u',r,z)du\ 

u{r,z) 

\meJ  STrel  ^ 


£o  is  the  dielectric  constant  and  InA^  is  the  Coulomb  logarithm  [56]. 

For  our  problem  in  a  two-dimensional  geometry,  the  kinetic  equation  (2.2)  is  a 
three-dimensional  partial  differential  equation  which  can,  in  principle,  be  solved 
numerically.  However,  there  are  two  problems  which  strongly  complicate  the 
efficient  numerical  solution  of  this  equation:  (a)  The  Fokker-Planck  term  (2.6) 
introduces  a  non-linearity  into  the  problem  and  (b)  the  domain  of  integration 
is  irregular  with  a  curved  boundary  at  the  space-charge  potential  ^{r,z)  which 
constitutes  the  minimal  total  energy  at  each  position  (r,2:),  i.  e.  u{r^z)  =  0,  see 
Fig.  1. 

.  Instead  of  performing  a  complete  solution  of  equation  (2.2)  it  seems  more 
beneficial  for  engineering-type  calculations  to  look  for  more  efficient,  physically 
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Fig.  1.  Scheme  of  the  paxtition  of  the  domain  of  integration  used  in  the  hybrid  kinetic 

scheme. 


motivated  approximations.  The  solution  of  Eq.  (2.2)  is  highly  simplified  if 
the  NLA  is  applicable  by  solving  a  spatially  averaged  kinetic  equation  which 
is  only  an  ordinary  differential  equation.  This  approximation  is  justified  if  the 
energy  relaxation  length  is  large  compared  to  the  discharge  dimensions  over 
the  entire  energy  range  of  interest  for  the  EDF.  However,  the  energy  relaxation 
length  strongly  depends  on  the  type  of  collisions  which  can  occur  at  a  given 
energy: 


(2.10) 


for  elastic  collisions, 
for  inelastic  collisions. 


Thus,  if  we  move  to  larger  industrial  discharges  and/or  higher  pressures  the 
energy  relaxation  length  may  not  exceed  the  discharge  dimensions  for  the  entire 
energy  range  but  at  least  for  a  part  of  it.  In  the  energy  range  in  which  only 
elastic  collisions  are  possible  exceeds  the  electron  mean  free  path  A  by  the 
square  root  of  the  mass  ratio  Ma/rue  which  is  a  number  of  the  order  of  100  since 
the  energy  loss  of  electrons  in  elastic  collisions  is  very  small.  Even  though  this 
topic  ha;S  not  been  studied  in  the  literature  one  can  suppose  that  vibrational 
and  rotational  excitation  collisions  behave  similar  to  elastic  collisions  due  to  the 
relatively  small  energy  loss  for  the  electrons.  In  electron  excitation  “inelastic” 
collisions  the  energy  loss  is  of  the  order  of  the  entire  kinetic  energy  and  the 
energy  relaxation  is  much  faster.  The  energy  relaxation  length  in  this  range  is 
thus  much  shorter  and  it  scales  with  the  mean  free  path  for  inelastic  collisions 
A*.  The  idea  of  the  ’’hybrid  approach”  [51]  is  to  take  advantage  of  this  effective 
division  of  the  electron  energy  space  into  two  parts  and  to  treat  these  these  parts 
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with  different  approximations  to  solve  the  kinetic  equation  (2.2)  (see  Figure  1): 

1,  The  low  energy  ’’elastic  range”  with  e  less  than  the  smallest  excitation 
threshold  energy  u*: 

In  this  range  Ae  at  pressures  of  a  few  Pa  is  of  the  order  of  several  meter 
and  the  traditional  NLA  is  applicable.  The  EDF  is  a  spatially  uniform 
function  of  total  energy.  It  can  be  determined  by  solving  the  spatially 
averaged  kinetic  equation  of  the  NLA.  Inclusion  of  Coulomb  collisions  is  a 
standard  technique  [49]. 

2.  The  high  energy  “inelastic  range”  with  e  greater  than  the  smallest  excita¬ 
tion  threshold  energy  u*: 

In  this  energy  range  A^  will  be  smaller  than  the  typical  discharge  dimensions 
so  that  the  full  kinetic  equation  (2.2)  has  to  be  solved.  This  subdomain, 
however,  is  of  regular  shape  with  straight  boundaries.  For  not  too  high 
degrees  of  ionization  it  can  be  justified  to  neglect  Coulomb  collisions  as 
discussed  below.  This  allows  us  to  treat  the  full  kinetic  equation  (2.2)  as 
a  linear  equation  which  strongly  simplifies  its  solution. 

Coulomb  collisions  require  some  more  discussion.  The  influence  of  Coulomb 
collisions  on  the  EDF  is  different  for  the  “elastic”  and  the  ’’inelastic”  energy  range 
of  the  EDF  for  two  reasons:  Because  the  Coulomb  cross  sections  scales  with  1/u^ 
it  is  particularly  effective  at  low  kinetic  energies.  Furthermore,  in  the  “elastic” 
range  Coulomb  collisions  have  to  compete  only  with  energy-conserving,  elastic 
collisions.  In  contrast,  in  the  “inelastic”  range  the  EDF  formation  is  dominated 
by  inelastic  collisions  which  strongly  change  the  energy  of  the  colliding  electron. 
In  numerical  studies  [57]  of  the  efficiency  of  Coulomb  collisions  it  was  shown  that 
modifications  of  the  low  energy  part  of  the  EDF  can  be  observed  for  degrees  of 
ionization  as  low  as  10~®  or  even  smaller.  In  the  “inelastic”  range  Coulomb 
collisions  start  to  affect  the  EDF  formation  at  degrees  of  ionization  larger  than 
Hence,  we  choose  to  include  Coulomb  collisions  in  the  treatment  of  the 
“elastic”  range  using  the  traditional  NLA,  but  to  neglect  them  in  the  “inelastic” 
range.  This  approximation  limits  the  applicability  to  degrees  of  ionization  not 
much  larger  than  10~^.  While  this  condition  is  fulfilled  in  the  comparison  to  our 
experiments  presented  below,  we  realize  the  need  for  a  more  consistent  inclusion 
of  Coulomb  collisions  in  future  work. 

The  efficiency  of  the  “hybrid  approach”  is  gained  from  solving  the  kinetic 
equation  (2.2)  only  in  a  reduced  energy  space  and  by  not  including  Coulomb 
collisions  in  the  high  energy  range.  This  approach,  though  somewhat  limited, 
seems  reasonable  for  engineering-type  calculations.  The  “hybrid  approach”  en¬ 
ables  us  to  efficiently  obtain  more  accurate  ionization  profiles,  which  allows  the 
study  of  plasma  uniformity,  than  would  be  possible  with  the  traditional  nonlocal 
approach.  However,  one  has  to  realize  that  some  physical  information  is  lost  by 
using  the  traditional  NLA  for  the  low  energy  part  of  the  EDF.  In  particular, 
information  about  the  electron  fluxes  is  not  directly  accessible.  If  this  informa¬ 
tion  is  required  one  either  has  to  resort  to  solving  the  full  equation  (2.2)  or  to 
calculating  the  first  order  correction  of  the  traditional  NLA  which  would  yield 
information  about  the  electron  flux  [58]. 
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Our  practical  implementation  of  the  hybrid  model  uses  the  following  scheme. 
The  low  energy  part  the  EDF  is  determined  using  the  traditional  NLA.  The 
spatially  averaged  form  of  Eq.  (2.2)  is  solved  for  the  spatially  uniform  part  of 
the  EDF  Fq{£).  For  our  particular  case,  this  equation  is 


(2.11) 


de  de  ) 


where  Co{F§)  is  the  collision  operator  including  the  Fokker-Planck  operator.  The 
overlined  quantities  represent  averages  performed  over  the  part  of  the  volume 
Vac  which  can  be  accessed  by  electrons  with  a  given  total  energy,  i.e.  for  which 
€  >  — ^(r,  z).  This  means  the  average  of  a  quantity  G  is  defined  as 


(2.12) 


rdrdz  . 


Here  Vq  represents  the  total  volume  of  the  discharge.  The  accessible  volume  Vac 
is  defined  by: 

(2.13)  u(r,  z)  >0  or  e  >  -^(r,  z)  ,  V(r’,  z)  in  Vac  • 

The  boundary  of  Vac  is  thus  given  by  u{boundary)  =  0  (see  Fig.  1).  The  specific 
form  of  the  averaged  coefficients  can  be  found  in  [49].  The  space  charge  poten¬ 
tial  ^(r,  z)  and  the  RF  electric  field  jE(r,  z)^  both  of  which  are  initially  unknown, 
are  required  to  calculate  the  spatially  averaged  coefficients.  Initially,  best  guess 
starting  profiles  for  these  quantities  are  used  which  are  then  successively  im¬ 
proved  in  an  iterative  scheme.  Equation  (2.11)  is  solved  for  the  entire  energy 
range  considered,  i.e.,  the  “elastic”  and  the  “inelastic”  range.  This  is  necessary 
since  the  evaluation  of  the  Coulomb  collisions  operator  also  requires  knowledge 
of  the  high  energy  part  of  the  EDF.  The  boundary  conditions  for  equation  (2.11) 
are:  dF§/de\e=o  =  0,  and  i^o(^oo)  =  0,  where  £oo  is  the  maximum  energy  con¬ 
sidered.  We  typically  solve  equation  (2.11)  on  a  grid  with  an  energy  spacing 
of  0.035  eV  to  0.05  eV  and  1000  nodes.  After  having  found  Fq  over  the  entire 
energy  range  only  the  part  with  g:  <  u*  is  used  further. 

For  the  high  energy  part  of  the  EDF  (e  >  u*)  the  complete  kinetic  equa¬ 
tion  (2.2)  is  solved  using  successive  over-relaxation  (SOR).  The  boundary  condi¬ 
tions  for  this  equation  have  essentially  been  described  by  Busch  and  Kortshagen 
[29].  Briefly: 


1.  boundary  at  r  =  0:  dFo/dr  =  0. 

2.  the  three  ”wall  boundaries”  a^t  z  =  0^  z  =  H  (plasma  height),  r  ~  R 
(plasma  radius): 

for  energies  £  less  than  the  potential  energy  at  the  wall, 


dFo/dn  =  0 
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where  n  is  the  direction  normal  to  the  wall.  For  energies  above 

(2.14)  vFQ{£,r,z)u^l‘^  ^  =  -u^l^^Drie.r.z)^^ 

47r  on 

with  Dr  =  2eul (3meZ^m)>  and  the  solid  angle  SO.  of  the  loss  cone  in  velocity 
space  given  by  [29,  59] 


(2.15) 


=  27r 


—^w  +  ^sh\ 

^  +  ^sh  J 


with  ^sh  the  potential  at  the  sheath  boundary.  Condition  (2.14)  states 
that  the  fraction  of  the  thermal  flux  of  electrons  scattered  into  the  loss 
cone,  which  leads  to  loss  of  electrons  to  the  wall  (left  hand  side),  has  to 
be  balanced  by  spatial  flux  towards  this  position  (right  hand  side).  In  our 
model  we  assume  nonconducting  walls.  The  wall  potential  is  found  from  the 
requirement  of  locally  balanced  electron  flux  (left  hand  side  of  Eq.  (2.14) 
integrated  over  energy)  with  ion  flux  which  is  found  from  the  ion  fluid 
model  discussed  below  [60].  The  potential  at  the  sheath  boundary  is  also 
found  from  this  model.  Even  though  Eq.  (2.15)  is  an  approximation  which 
relies  on  the  somewhat  arbitrary  deflnition  of  a  sheath  boundary,  it  was 
proven  useful  and  accurate  in  comparison  with  Monte  Carlo  calculations 
of  the  EDF  [59]. 

3.  Boundary  e  =  u*  : 

dFo/de  =  dF^/de  from  nonlocal  solution  to  ensure  continuity  of  the  elec¬ 
tron  flux  in  energy  space.  (We  have  also  experimented  with  the  alternative 
boundary  condition  Fq  =  Fq  e  ~  u*  which  typically  also  yields  a  smooth 
transition  of  the  EDF  slope  since  deviations  from  the  nonlocal  behavior  of 
the  EDF  set  in  gradually  for  energies  only  slightly  above  u*.) 

4.  Boundary  at  maximum  ^oo*  Fq{€qq)  =  0. 

Since  we  do  expect  only  slight  deviations  from  the  fully  nonlocal  EDF,  we 
use  the  nonlocal  EDF  jPq  as  a  starting  point  for  the  iterative  solution.  Equa¬ 
tion  (2.2)  is  then  solved  in  three  dimensions  —  radial  and  axial  direction  as  well 
as  total  energy  on  a  mesh  of  32  x  32  x  50  points,  respectively.  Since  the  dis¬ 
cretization  in  energy  with  Ae  =  0.5  eV  appears  relatively  coarse,  we  have  also 
tested  more  accurate  discretizations  with  Ae  =  0.2  eV  and  125  points  in  energy 
directions  without  having  found  significant  changes  in  the  results.  In  our  practi¬ 
cal  implementation  of  the  hybrid  model  we  divide  the  energy  range  not  exactly 
at  u*  but  at  the  slightly  lower  energy  of  11.0  eV.  We  also  simplify  the  numerical 
treatment  by  considering  the  coefficients  v^/vrn  and  /urnF‘l^j[r^z)  as  slowly 
varying  in  coordinate  and  energy  space,  respectively,  so  that  their  derivatives 
can  be  neglected  compared  to  those  of  dF^/dr  and  dF^/de.  We  will  relax  this 
approximation  in  the  future.  The  EDF  Fo  determined  from  this  model  is  used 
to  compute  the  spatial  profile  of  the  ionization  frequency. 
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Since  the  vast  majority  of  the  electrons  at  any  time  is  found  in  the  elastic 
energy  range  which  is  described  by  the  nonlocal  EDF,  we  use  the  “generalized 
Boltzmann  relation”  between  electron  density  and  ambipolar  potential  known 
from  the  traditional  NLA  [47]: 

roo 

n(^(r,  z))  =  /  u^'‘^FQ{u,r,z)  du 

Jo 

/oo 

(e  +  $(r,z))'/"Fo°(e)de. 

2.2.  Ambipolar  potential  and  RF  field 

The  electron  kinetics  model  is  coupled  to  an  ion  fluid  model  and  the  wave  equa¬ 
tion  for  the  RF  electric  field.  The  space  charge  potential  in  the  plasma  is  deter¬ 
mined  by  a  fluid  model  for  the  ions.  For  a  high-density  plasma  the  assumption 
of  a  quasineutral  plasma  bulk  is  well  fulfilled.  If  one  limits  the  consideration  to 
the  description  of  the  quasineutral  plasma  bulk  up  to  the  sheath  boundary,  the 
solution  of  the  Poisson  equation  may  be  avoided  and  be  replaced  by  using  the 
quasineutrality  conditions  Ui  =  Uq  =  n.  For  pressures  of  a  few  Pa  and  discharge 
dimensions  of  several  tens  of  centimeters,  the  ion  motion  is  usually  collision- 
dominated.  Thus,  assuming  mobility-limited  ion  motion  the  ion  momentum 
and  continuity  equation  can  be  combined  to 

(2.17)  -V-[n(r,z)6j(|V$(r,2!)|)V$(r,z)]  =  n{r,z)p'i(r,z), 

where  bi  denotes  the  field-dependent  ion  mobility  (cf.  Ref.  [49])  and  Ui{r,z) 
denotes  the  local  ionization  frequency.  This  equation  is  solved  subject  to  the 
boundary  condition  that  the  Bohm  criterion  has  to  be  fulfilled  at  the  sheath 
boundary  e|V^(r, •  Aj  =  Here  Aj  is  the  ion  mean  free  path, 

ks  denotes  the  Boltzmann  constant  and  Tq^sct  = 

is  the  so  called  screening  temperature  [61].  We  use  the  screening  temperature 
found  from  the  nonlocal  EDF  Fq  for  simplicity.  The  plasma  density  n{r^z)  for 
a  given  potential  $(r,z)  can  be  found  from  Eq.  (2.16).  Equation  (2.17)  is  thus 
a  two-dimensional  nonlinear  differential  equation  for  the  ambipolar  potential 
#(r,z). 

The  RF  electric  field  for  a  rotationally  symmetric  ICP  has  only  an  azimuthal 
component,  E  =  Eee^  which  can  be  determined  from  the  complex  wave  equation. 
Assuming  a  harmonic  time-dependence  of  the  electric  field  we  get: 

(2.18)  ^  j  E{r,  z)  =  iw/io  ((T(r,  z)E{r,  z)  +  jcoiij  ■ 

Here  c  is  the  vacuum  speed  of  light,  /io  is  the  vacuum  permeability.  The  symbol 
jcoil  is  the  coil  current  density  and  cr{r^z)  is  the  kinetic  conductivity  of  the 
plasma[49].  The  solution  of  this  equation  is  strongly  simplified  by  the  assumption 
of  metallic  walls  at  r  =  2i?,  z  ==  0,  and  2:  =  277,  so  that  zero  boundary  conditions 
can  be  used  at  these  boundaries.  On  axis  (r  =  0)  the  azimuthal  field  is  also  zero. 
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Both  equations  (2.17)  and  (2.18)  are  solved  on  a  64x64  mesh  in  radial  and 
axial  direction  using  a  multigrid  solver  [62]. 

The  iterative  numerical  scheme  used  to  find  a  self-consistent  solution  of  this 
set  of  equations  has  been  described  in  great  detail  in  Ref.  [49]  so  that  we  provide 
only  a  brief  sketch  here:  The  computation  starts  with  an  initial  guess  for  the 
plasma  density  profile  and  potential  profile:  a  Bessel  function  variation  in  radial 
and  a  cosine  profile  in  axial  direction  for  the  density  and  a  flat  potential  profile 
^{r^z)  =  0  for  the  potential.  (We  use  this  starting  potential,  since  we  do  not 
want  to  bias  the  algorithm  to  converge  to  a  certain  solution.  Even  though  we 
have  not  observed  multiple  solutions  also  using  other  starting  potentials,  the 
existence  of  other  solutions  seems  at  least  possible.  Multiple  solutions  might 
manifest  in  actual  experiments  as  mode  transitions  or  jumps  between  different 
plasma  density  profiles).  Using  the  initial  plasma  density  profile  we  find  the  RF 
electric  field  profile  by  solving  equation  (2.18)  assuming  a  cold-plasma  Lorentz 
conductivity.  A  self-consistent  set  of  EDF,  potential,  and  RF  field  profile  is  found 
in  an  iterative  scheme  which  uses  three  nested  loops:  In  the  innermost  loop  the 
EDF  is  determined  by  solving  the  “hybrid”  model  for  a  given  coil  current.  Here, 
the  SOR  scheme  to  solve  equation  (2.2)  is  iterated  until  the  relative  change  in  the 
ionization  frequency  between  two  successive  iterations  at  the  middle  of  the  r-z 
plane  is  less  than  10“^.  Then  the  complete  ionization  profile  is  calculated.  The 
potential  profile  resulting  from  this  ionization  profile  is  found  from  Eq.  (2.17). 
The  purpose  of  the  innermost  loop  to  adjust  the  coil  current  such  that  the  Bohm 
criterion  is  fulfilled  at  the  sheath  boundary.  Once  this  is  achieved,  the  resulting 
potential  replaces  the  initial  potential  profile  in  the  next-outer  loop.  The  loop 
of  updating  the  potential  is  repeated  until  the  sum  over  the  squared  changes 
between  two  successive  potentials  taken  at  all  4096  potential  nodes  is  less  than 
1.0.  Finally,  if  a  self-consistent  potential  profile  has  been  found  the  RF  field 
profile  is  iterated  in  the  outermost  loop  using  the  same  convergence  criterion  as 
for  the  potential  profiles. 

The  use  of  the  various  approximations  described  above  enables  a  very  effi¬ 
cient  modeling  of  the  discharge.  Typical  computation  times  for  a  given  set  of 
parameters  are  of  the  order  of  a  few  minutes  up  to  20  minutes  on  a  Pentium  II 
class  computer. 


3.  Experimental  setup 

A  sketch  of  the  experimental  setup  is  shown  in  Fig.  2.  The  measurements  have 
been  performed  in  an  inductively  coupled  plasma  which  is  sustained  in  a  Pyrex 
chamber  with  14  cm  inner  radius.  The  top  wall  of  the  chamber  is  a  flat  2.2 
cm  thick  Pyrex  plate.  The  bottom  plate  is  a  grounded,  movable  sheet  metal 
which  enable  us  to  vary  the  discharge  height  between  5-11  cm.  Here  height  was 
set  to  7cm.  A  punched  hole  pattern  in  the  metal  plate  allows  pumping  with  a 
1000  liter/s  turbo  pump  as  well  as  inlet  of  argon  gas.  Three  induction  coils  with 
inner/outer  radius  of  3  cm/5  cm,  7  cm/9  cm,  and  11  cm/13  cm  allow  variable 
coil  combinations.  Here  we  present  only  results  for  plasma  excitation  with  the 
outermost  coil.  The  coil  is  Faraday  shielded  to  eliminate  electrostatic  coupling 
to  the  plasmas. 
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2D>PR0BE  MANIPULATOR 


FIG.  2.  Scheme  of  the  experimental  setup. 


A  Langmuir  probe  with  5  mm  length  and  0.125  mm  diameter  is  introduced 
into  the  discharge  through  a  radial  slit  in  the  bottom  plate.  A  computer- 
controlled  two-dimensional  r-z  probe  manipulator  enables  fully  automated  two- 
dimensional  probe  scans  of  the  EDF.  In  this  study  the  probe  was  moved  in  an 
area  of  r  =  0  -  12  cm  (from  axis)  and  z  =  1  -  5  cm  (from  bottom  plate)  with 
a  resolution  of  1  cm  in  each  direction.  At  each  position  typically  10000  probe 
characteristics  were  sampled  and  averaged  with  a  fast  16  bit  A/D  card.  The  EDF 
is  obtained  using  the  Druyvesteyn  formula  [63]  and  absolute  units.  Integration 
of  the  EDF  over  energy  yields  the  electron  density  [19]. 


4.  Results 

Fig.  3  and  4  show  two-dimensional  surface  plots  of  measured  EDF’s  in  ar¬ 
gon  at  5  mTorr  and  19.4  mTorr,  respectively.  The  surface  plots  depict  the 
EDF’s  at  a  given  total  energy,  which  is  given  by  the  negative  of  the  probe  volt¬ 
age  referenced  to  the  absolute  maximum  of  the  plasma  potential  in  the  dis¬ 
charge.  The  EDF’s  are  normalized  to  the  volume  averaged  EDF:  <  Fq  >  (e)  = 
rFo{s^r)drdz/  rdrdz,  which  corresponds  to  the  value  of 

the  nonlocal  EDF  [47].  Fig.  3  shows  that  the  EDF  at  5  mTorr  is  spatially  almost 
constant  at  all  energies  which  corresponds  to  the  nonlocal  limit  for  the  EDF.  At 
a  total  energy  of  10  eV  electrons  only  perform  elastic  collisions  while  at  17  eV 
inelastic  collisions  have  a  strong  influence  on  the  EDF.  At  5  mTorr  and  10  eV 
Xs  ^  12  m  and  at  17  eV  «  26  cm  which  exceeds  the  discharge  radius  in  both 
cases.  The  maximum  deviation  from  the  nonlocal  average  is  about  or  below  20% 
for  all  energies  shown.  At  19.4  mTorr  (Fig.  4)  significant  deviations  from  the 
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FIG.  3.  Surface  plots  of  EDF  at  5  mTorr  at  two  different  total  energies:  (a)  10  eV,  (b)  17  eV. 
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FIG.  4.  Surface  plots  of  EDF  at  19.4  mTorr  at  two  different  total  energies:  (a)  10  eV, 

(b)  17  eV. 

nonlocal  average  are  visible  at  17  eV.  The  EDF  is  elevated  over  the  average  value 
in  regions  of  high  RF  electric  fields.  It  decreases  sharply  towards  regions  of  low 
electric  field  strength.  For  these  energies  »  6  cm  which  is  smaller  than  the 
discharge  radius.  For  10  eV,  however,  the  EDF  is  still  almost  constant  across  the 
discharge  cross  section.  Since  3  m  for  this  energy,  the  elastic  body  of  the 
EDF  can  still  be  considered  nonlocal.  The  slight  elevation  of  the  EDF  in  regions 
of  high  electric  field  strength  is  favored  by  the  strongly  inhomogeneous  RF  field 
in  the  inductive  discharge.  Obviously,  the  EDF  at  19.4  mTorr  shows  precisely 
the  “hybrid”  behavior  which  underlies  our  hybrid  model:  the  elastic  body  of  the 
EDF  is  (almost)  nonlocal  while  significant  deviations  from  the  nonlocal  average 
exist  at  energies  in  the  inelastic  part  of  the  EDF. 
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In  Fig.  5  we  present  a  comparison  of  measured  and  calculated  electron  density- 
profiles  at  pressures  of  10  and  20  mTorr.  The  measurements  show  that  with 
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_ [Ml 


Radius  (cm) 


Radius  (cm) 


FIG.  5.  Electron  density  profiles  at  (a)  10  mTorr,  and  (b)  20  mTorr.  The  upper  graphs  show 
experimental  data,  the  lower  graphs  show  results  of  the  model.  The  dashed  lines  in  the  lower 
graphs  mark  the  region  accessible  to  the  Langmuir  probe.  The  electron  densities  are  given  in 

cm“^. 

increasing  pressure  the  density  profiles  become  more  nonuniform  and  the  position 
of  the  density  maximum  shifts  to  slightly  larger  radii.  At  10  mTorr  the  variation 
between  the  maximum  and  the  on- axis  density  is  about  25%,  at  20  mTorr  it  is 
already  a  factor  of  more  than  2.  The  results  of  our  model  reflect  the  general  trend 
reasonably  well.  The  model  produces  slightly  more  uniform  density  profiles  at  10 
mTorr.  A  slight  shift  of  the  maximum  from  the  axis  is  observed  at  10  mTorr.  The 
overall  variation  of  the  density  over  the  range  accessible  to  the  Langmuir  probe  is 
about  the  same  as  observed  in  the  measurements.  The  best  agreement  between 
model  and  measurements  is  found  at  20  mTorr  for  which  a  purely  nonlocal  model 
would  be  least  applicable.  Both  the  position  of  the  density  maximum  as  well  as 
the  variation  of  the  density  between  maximum  and  on-axis  position  is  almost 
identical. 

It  should  also  be  pointed  out  that  the  hybrid  model  presents  a  significant 
progress  over  models  based  on  the  traditional  NLA  since  it  is  capable  of  de¬ 
scribing  the  shift  of  the  density  maximum  to  an  off-axis  position  with  increasing 
pressure.  A  model  based  on  the  traditional  NLA  would  typically  always  produce 
on-axis  maxima  of  the  density  profile. 

Fig.  6  shows  a  comparison  of  measured  and  calculated  plasma  potential 
profiles.  First,  the  very  good  agreement  between  the  calculated  and  measured 
absolute  values  of  the  plasma  potential  should  be  pointed  out.  The  maximum 
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(a)  (b) 


FIG.  6,  Plasma  potential  profiles  in  volts  at  (a)  10  mTorr,  (b)  20  mTorr.  The  upper  graphs 
show  experimental  data,  the  lower  graphs  show  results  of  the  model. 


values  of  the  potentials  related  to  the  wall  potential  are:  17.75  V  (exp.)  and  16.8 
V  (model)  at  10  mTorr,  and  16.86  V  (exp.)  and  16.85  V  (model)  at  20  mTorr. 
Again,  the  best  agreement  between  experiment  and  model  is  found  at  the  highest 
pressure  of  20  mTorr.  Of  course,  the  profiles  of  the  potential  mainly  reflect  the 
electron  density  profiles  since  electron  density  and  potential  are  related  to  each 
other  by  the  generalized  Boltzmann  relation  (2.16). 

The  experimental  and  calculated  profiles  of  the  mean  kinetic  energy  of  the 
EDF’s  are  plotted  in  Fig.  7.  Experiment  and  model  show  the  same  trend 
of  an  increasing  mean  kinetic  energy  towards  the  region  of  high  RF  electric 
field.  The  general  trend  of  a  slight  increase  of  the  mean  energy  if  moving  away 
from  the  position  of  the  maximum  plasma  potential  can  be  explained  with  a 
’’nonlocal”  cutting  of  the  low  energy  part  of  the  EDF  which  has  a  slightly  lower 
’’temperature”  than  the  part  of  the  EDF  between  5-10  eV.  The  best  agreement 
is  again  found  at  20  mTorr.  It  has  to  be  noted  that  we  estimate  the  error  in  the 
measured  mean  energies  to  be  about  10%  due  to  the  limited  number  of  current- 
voltage  points  recorded  and  the  inaccuracy  involved  in  the  integration  of  the 
EDF. 

Finally,  we  want  to  make  some  comments  about  electron  fluxes.  In  a  recent 
study,  Kortshagen  and  Lawler  [64]  have  shown  that  interesting  flux  patter  can 
arise  in  positive  column  plasmas,  if  the  energy-resolved  electron  fluxes  are  con¬ 
sidered.  In  a  positive  column  plasmas,  it  can  be  shown  that  fluxes  of  electrons 
with  a  total  energy  of  less  than  the  first  excitation  threshold  energy  are  outward 
directed.  However,  for  electrons  with  a  kinetic  energy  higher  than  the  excita- 
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(a) 
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FIG.  7.  Profiles  of  the  mean  kinetic  energy  in  eV  at  (a)  10  mTorr,  (b)  20  mTorr.  The  upper 
graphs  show  experimental  data,  the  lower  graphs  show  results  of  the  model. 

tion  threshold  line  in  Fig.  1  fluxes  can  be  inward  directed.  The  reason  for 
this  is  that  inelastic  collisions  act  as  a  sink  or  absorption  process  for  high  en¬ 
ergy  electrons,  since  the  electrons  lose  almost  their  entire  kinetic  energy  and 
are  ’’reemitted”  as  low  energy  electrons.  Since  in  positive  column  plasmas  the 
maximum  of  the  plasma  potential  is  found  on  axis,  the  maximum  sink  of  high 
energetic  electrons  and  the  maximum  source  of  low  energy  electrons  is  located 
around  the  axis,  leading  to  the  flux  pattern  discussed  above.  Some  initial  results 
of  our  studies  of  the  ICP  indicate  that  there  are  similarly  interesting  effects  to 
be  expected  in  this  two-dimensional  system.  In  particular,  it  is  possible  to  find 
conditions  under  which  the  maximum  of  the  plasma  potential  is  still  located  on 
axis  of  the  discharge,  while  the  maximum  heating  of  electrons  occurs  close  the 
RF  coil,  as  observed  in  Fig.  4(b).  Under  these  conditions,  it  seems  likely  that 
at  low  total  energies  we  will  find  electron  fluxes  which  originate  in  the  central 
region  of  the  discharge  around  the  axis,  due  to  the  maximum  of  low  energy  elec¬ 
tron  generation  at  the  potential  maximum.  For  total  high  energies,  the  origin 
of  the  fluxes  is  expected  to  shift  towards  the  RF  coil,  since  the  strong  RF  field 
now  provides  the  main  source  of  high  energy  electrons  while  inelastic  collisions 
around  the  axis  provide  a  sink.  This  effect  will  be  discussed  in  more  detail  in  a 
forthcoming  publication. 


5.  Conclusions 


In  this  paper  we  have  presented  an  efficient,  two-dimensional  kinetic  model  based 
on  a  hybrid  kinetic  approach  to  the  solution  of  the  Boltzmann  equation.  In  this 
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approach  the  domain  of  integration  of  the  Boltzmann  equation  is  divided  into 
two  subdomains:  The  low  energy  ’’elastic”  range  is  treated  within  the  traditional 
nonlocal  approximation.  The  high  energy  inelastic  range  is  treated  by  solving 
the  complete  kinetic  equation  derived  from  the  Boltzmann  equation  as  a  partial 
differential  equation  in  two  space  dimensions  and  in  total  energy.  Coulomb  colli¬ 
sions  are  taken  into  account  for  the  low  energy,  nonlocal  part  of  the  EDF  in  which 
these  collisions  are  effective  since  they  compete  only  with  ’’weak”  elastic  colli¬ 
sions.  In  the  high  energy  part  Coulomb  collisions  are  neglected  since  the  Coulomb 
cross  section  is  smaller  and  the  Coulomb  collisions  compete  with  ’’strong”  in¬ 
elastic  collisions  [57].  This  approach  offers  two  main  advantages:  (a)  The  high 
energy  domain,  in  which  the  complete  kinetic  equation  is  integrated,  typically 
has  a  regular  shape  which  simplifies  the  numerical  formulation,  and  (b)  the  non¬ 
linearity  introduced  by  Coulomb  collisions  can  be  avoided  in  the  treatment  of  the 
full,  multi- dimensional  kinetic  equation.  It  is  only  included  in  the  much  simpler 
problem  of  solving  the  nonlocal  kinetic  equation  which  is  one-dimensional.  The 
use  of  the  hybrid  model  seems  promising  for  fast  engineering- type  calculations 
in  which  basic  information  about  plasma  uniformity,  mean  kinetic  energy  and 
potential  is  required.  Complete  kinetic,  self-consistent  two-dimensional  simula¬ 
tions  can  be  performed  in  computation  times  of  less  than  20  minutes  on  Pentium 
II  class  computers. 

Comparisons  of  our  model  with  an  actual  experiment  showed  reasonable 
agreement.  The  best  agreement  was  typically  found  at  the  highest  pressure 
considered,  a  pressure  at  which  a  model  based  on  the  traditional  NLA  for  the 
given  discharge  dimensions  would  certainly  fail.  Our  model  proved  well  capa¬ 
ble  of  describing  effects  which  are  related  to  increasing  deviations  from  a  fully 
nonlocal  EDF  such  as  the  shift  of  the  maxima  of  plasma  potential  and  plasma 
density  to  off-axis  positions  with  increasing  pressures. 

However,  to  describe  more  detailed  physical  effects  such  a  fluxes  of  electrons 
in  energy  space,  a  more  sophisticated  treatment  of  the  Boltzmann  equation  is 
required.  This  would  include  Coulomb  collisions  over  the  entire  energy  range 
and  a  complete  treatment  of  the  low-energy  part.  Work  on  this  topic  for  two- 
dimensional  geometry  is  in  progress  and  will  be  reported  in  future  publications. 
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More  than  a  decade  after  low  temperature  plasma  modeling  was  introduced  in  the  field  of 
semiconductor  device  fabrication  for  the  design  and  development  of  a  plasma  reactor,  modeling 
has  passed  into  a  new  phase  in  a  prediction  for  plasma  processing.  Fine  pattern  etching  of  Si02 
is  executed  mainly  by  using  two-frequency  capacitively  coupled  plasma  {2f-CCP)  in  perfluoro- 
carbon.  Herein,  the  plasma  structure  and  the  functions  of  2f-CCP  are  reviewed  and  discussed 
based  on  the  plasma  modeling  and  the  computerized  tomography  (CT)  image. 


1.  Introduction 

Great  success  in  large  scale  integrated  circuits  (LSI)  in  the  1990s  has  depended 
primarily  on  plasma  processing  technology;  i.e.,  fine  pattern  etching.  High  effi¬ 
ciency  etching  of  nanometer  pattern  size  by  using  a  high  density  plasma  is  one 
of  several  recent  trends  [1].  A  low  temperature  (nonequilibrium)  plasma  source 
for  microelectronic  device  fabrications  is  produced  by  different  excitation  mech¬ 
anisms  by  using  reactors  classified  into  three  groups  and  power  coupling  these 
with  plasmas.  These  groups  are  respectively  termed  capacitively  coupled  plasma 
(CCP),  inductively  coupled  plasma  (ICP),  and  antenna  coupled  plasma(ACP). 

CCP  is  maintained  by  a  voltage  source  driven  by  a  radio  frequency  (rf). 
Plasma  density  proportional  to  the  square  of  the  frequency  is  obtained  by  chang¬ 
ing  from  high  frequency  (HP)  to  very  high  frequency  (VHP)  at  the  constant 
amplitude  of  the  applied  voltage[2,  3,  4].  The  upper  frequency  in  CCP  will  be 
limited  technically  by  a  smooth  coupling  with  the  electrode.  High  density  CCP 
driven  by  VHP,  100  MHz,  will  be  within  the  possible  range[5,  6],  Plasma  pro¬ 
duction  in  CCP  is  realized  by  the  wave-riding  of  the  reflected  electrons  in  the 
strong  positive  ion  sheath  at  mid-pressure,  and  stochastic  heating  of  electrons 
will  be  expected  over  the  bulk  plasma  at  low  pressure. 

High  energy  ions  accelerated  by  a  strong  ion  sheath  are  appropriate  for  the 
ion-assisted  oxide  etching.  The  modern  reactive  ion  etcher  (RIE)  is  composed  of 
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a  two  frequency  (2f)-CCP  with  two  different  functions;  i.e.,  plasma  production 
and  ion  accelaration  [1,  6],  Each  function  should  be  controlled  independently.  A 
2f-CCP  consisting  of  a  VHP  (or  HF)  powered-electrode  for  plasma  production 
and  a  low  frequency  (LF)  bias-electrode  for  ion  acceleration  to  the  wafer  is  a 
promising  process  reactor  practical  for  Si02  etching[7,  8]  (See  Fig.  1). 


FIG.  1.  Two  frequency  plasma  reactor  for  oxide  etching. 

ICP  is  sustained  by  an  external  rf  current  source,  and  has  the  advantage 
of  being  high  density  with  a  low  and  thin  sheath  even  at  13.56  MHz.  It  is 
appropriate  for  metal  etching  under  conditions  of  low  energy  and  a  high  flux 
of  ions.  The  size-dependence  of  wafer  processing  uniformity  on  the  equipment 
will  be  much  more  complicated  in  the  mode  of  high  bias  voltage  operation  on 
the  wafer,  as  compared  with  that  of  CCP,  in  which  plasma  is  cconfined  between 
parallel  plates. 

In  this  paper,  the  capability  to  predict  a  plasma  structure  and  the  function 
of  2f-CCP  will  be  reviewed  and  discussed  by  means  of  a  comparison  between 
the  numerical  modeling  and  the  experimental  computerized  tomography  (CT) 
images  in  the  oxide  etching  system  at  low  pressure  in  CF4/Ar. 

2.  Numerical  modeling 
2.1.  System  and  governing  equations 

Low  temperature  plasma  is  produced  mainly  by  the  electron  impact  ionization 
of  a  feed  gas  molecule,  and  it  is  essential  to  describe  the  electron  kinetics  and 
the  transport  in  the  gas  as  precisely  as  possible.  Under  these  circumstances, 
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low  temperature  plasma  will  be  modeled  by  using  the  system  of  the  Boltzmann 
equation  (classical  statistics)  and  Maxwell’s  equations  under  the  database  of  the 
collision  cross  section  and  the  reaction  rate  of  the  electron  and  positive  and 
negative  ions  both  in  the  gas  phase  and  on  the  surface,  subject  to  quantum 
physics  under  an  appropriate  boundary  condition  (See  Fig.  2).  The  specific 
boundary  conditions,  caused  by  the  kinetic  and/or  chemical  energy  of  ions  and 
neutral  radicals,  act  on  the  surface  etching  or  deposition  of  materials  in  a  masked 
pattern. 


Governing  Equation  System  in  Plasma  Reactor 


Gas-phase 


e  +  A 
A^B’ 
A  + AB 


Q(f) 

K 


Solid  surface 

Y(£j) 


Momentum 
Relaxation  Eq. 

p-ions  n-ions  electrons 

Energy 

Relaxation  Eq. 

p~ions  n~ions  electrons 


Faraday’s  Law 

induced  B,E  fields 

Ampere’s  Law 

J~induced  B  field 


FIG.  2.  Governing  equation  systems  and  related  quantities. 

In  the  pressure  region  where  the  mean  free  path  Le  of  the  electron  is  much 
smaller  than  the  reactor  scale  d,  plasma  is  controlled  mainly  by  the  collision 
processes  of  the  electron  with  the  feed  gas  and  its  fragments.  However,  when  the 
condition  Le  >  d  is  realized  under  a  condition  of  low  pressure,  the  collision  and 
reaction  processes  of  charged  particles  and  neutrals  on  the  surface  of  the  reactor 
and  the  electrodes,  and  on  the  wafer,  will  make  a  key  contribution  to  the  spatial 
plasma  profile.  In  this  context,  the  boundary  condition  is  closely  connected  with 
the  plasma  structure.  A  large  number  of  electrons  are  known  to  be  effectively 
reflected  or  ejected  on  a  metal  or  dielectric  surface  (see  Fig.  3)  [9].  The  plasma 
structure  is  under  the  influence  of  the  reflected  or  ejected  electrons.  More  than 
several  tens  of  percentages  of  electrons  will  be  elastically  reflected.  This  implies 
that  a  continuum  model  with  swarm  parameters  will  still  be  available  even  for  a 
low  pressure  region  with  Le  ~  d. 

Regarding  a  pressure  range  of  application  of  the  continuum  model,  it  should 
be  noted  that  the  electron  is  spatially  trapped  with  increasing  frequency  uj  and 
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FIG.  3.  Secondary  electron  emission  yield  on  metals. 


under  a  strong  magnetic  field  B,  which  are  applied  externally  in  a  plasma  reactor. 
This  condition  will  be  qualitatively  equivalent  to  a  pressure  increase  from  p  to 
effective 


where  Rm  is  the  total  collision  rate  of  electrons. 

Validity  of  a  continuum  model  will  be  extended  to  lower  pressure  plasma 
sustained  by  a  (V)HF  source  with/without  a  magnetic  field  surrounded  by  an 
elastic  boundary  layer.  In  our  investigation,  the  relaxation  continuum  (RCT) 
model  proposed  in  previous  paper  [10,  11]  is  employed  to  predict  and  to  design 
the  plasma  structure  and  function. 


2.2.  Database  needed  for  modeling 

Plasma  etching  uses  a  chemically  active  electronegative  feed  gas.  Perfluorocar- 
bon  (PFC)  is  usually  used  for  oxide  etching.  CF4,  the  most  simple  PFC,  is 
employed  with  a  mixture  of  Ar;  this  selection  was  based  on  the  presence  of  a 
database  appropriate  for  the  electron,  ions  and  neutral  fragments.  Fig.  4(a) 
shows  the  set  of  cross  sections  of  Ar  and  CF4  used  in  this  work,  and  the  collision 
rates  in  CF4(5%)/Ar  mixture,  derived  from  the  direct  numerical  procedure  of 
the  Boltzmann  equation  [12],  are  described  in  Fig.  4(b)  at  1  Torr  as  a  function 
of  dc-E/N  over  a  wide  range[l3]. 

A  long-lived  excited  molecule  and  dissociated  neutrals  may  accumulate  in 
a  plasma  reactor  up  to  an  amount  comparable  to  that  of  the  feed  gas.  It  is 
important  to  consider  the  possibility  of  a  heavy  particle  reaction  of  the  ion, 
metastable  molecule,  and  dissociative  species  produced  by  the  collision  between 
the  electron  and  the  feed  gas.  The  collision/reaction  processes  and  the  rates 
considered  here  are  listed  in  Table  1. 
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Table  1.  Collision/reaction  processes  and  the  rates  considered  in  CF4/Ar. 
Charged  Species:  e,  Ar*^,  CFj,  F“ 

Neutrals(sticking):  CF4(0),  CF3(0.001),CF2(0.01),  CF(O.l),  F(0.005),  F2(0) 


Electron  Collisions 

At  +  e 

-> 

Ar+  +  2e 

fci[E/N] 

Ionization 

CF4  +  e 

CFj  +  F  +  2e 

ki[E/N] 

Ionization 

CF4  +  e 

-> 

CFs  +F- 

A:ajE/N] 

Disso.  Attachment 

F2  +  e 

F  +  F- 

fcajE/N] 

Disso.  Attachment 

Ar"*"  -f-  e 

Ar 

krel 

1.0*10"^^  cm^s~^ 

CF^  +  e 

CFs 

kre2 

9.6-10~^  cm^s~^ 

Ar+  +  F- 

Ar  +  F 

kreZ 

I.OTO"^  C7n^s~^ 

CFj  +  F- 

-> 

CFs  +  F 

kreA 

4.0T0“^  cm^s~^ 

Ar+  +  CF4 

Ar  +  F  +  CFs+ 

kct 

9.6-10“^®  cm^s~^ 

Ar  -h  e 

Ar*  +  e 

fcex[E/N] 

Excitation 
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ksi[E/N] 
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F  +  F  +  M 

-»■ 

F2  +  M 
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F2  +  e 

F  +  F 
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Dissociation 

CFj+e 

CFj_i  +  F  +  e 

kdi 

Dissociation 

CFj+e 

CFj_2  +  2F  +  e 

kdi 

Dissociation 

CF4  +  e 

CF  +  3F  +  e 

kdi 

Dissociation 
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ki 
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ki 
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kQ 
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kr 
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ks 
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CF3  -h  F2 

CF4  +  F 

kg 

3.3T0~^^  cm^s~^ 

CF2  H~  F2 

CFs  +  F 

kg 

4.6  -10”^^ 

3.  Computerized  tomography  image 

3.1.  Experimental 

The  experimental  system  in  2f“CCP  is  described  in  detail  in  our  previous  study 
on  two-dimensional  optical  emission  spectroscopy [5,  6].  Parallel-plate  aluminum 
electrodes  76  mm  in  diameter  are  positioned  at  20  mm  spacing  on  the  central 
axis  of  a  stainless  chamber  with  an  inner  diameter  of  200  mm.  The  side  and 
back  of  each  electrode,  covered  by  a  dielectric,  is  electrically  shielded  from  the 
ground  by  an  A1  plate  in  order  to  prevent  an  additional  discharge.  (V)HF  voltage 
at  13.56  MHz  or  100  MHz  is  applied  to  the  powered  electrode,  and  the  other 
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electrode  is  biased  by  a  low  frequency  of  700  KHz.  The  rf  discharge  is  sustained 
axially  symmetric. 


(b)  Mean  energy  [  eV  ] 


FIG.  4.  Set  of  collision  cross  sections  of  electrons  in  Ar/CF4  (a)  and  collision  rates  at  1  Torr 

(b)  in  CF4(5%)/Ar. 


The  detection  system  consists  of  a  monochromator  with  a  photomultiplier 
in  a  single  photon  counting  regime  and  appropriate  discriminating  and  counting 
electronics.  The  input  to  the  monochromator  comes  from  one  end  of  the  optical 
fiber  with  the  other  end  mounted  to  an  optical  system,  consisting  of  a  lens  and 
a  slit,  which  is  fixed  to  a  movable  stage  controlled  by  computer.  Emission- 
selected  computer  tomography  (CT)  of  an  object  in  b.  x  —  y  plane  at  the  axial 
position  jsr  requires  a  series  of  measurements  of  line  integrals  along  the  direction 
perpendicular  to  the  2;-axis. 


3.2.  Emission  kinetics 

Emission  kinetics  and  physical  quantities  derived  from  CT  are  briefly  described. 
The  direct  excitation  rate  to  the  jth  level  from  the  ground  state  with  number 
density  N  is  given  by 

(3.1)  Aj{z,r,t)  =  [  NQj{e)f{e,z,r,t)e^^^de, 

Tti  J  e j- 

where  ne  and  m  are  the  electron  number  density  and  the  mass  of  the  electron, 
respectively.  Qj{e)  is  the  excitation  cross  section  to  the  jth  level  with  a  threshold 
energy  of  cj  by  the  electron  impact  with  energy  e.  f{e^z,r,t)  is  the  electron 
energy  distribution  function  at  position  {z^r)  and  time  t.  The  number  density 
of  the  excited  molecule  Nj{z^r,t)  satisfies  the  following  continuity  equation  as 

Q 

^Nj  (z,  r,  t)  =  Aj  (z,  r,  t)  +  Cj  {z,  r,  t)  +  DjV^Nj  {z,  r,  t) 


(3.2) 
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where  Q{z^r^t)  is  the  sum  of  the  rate  due  to  the  cascade  transition  and  the 
stepwise  excitation  to  the  jth  level.  Dj  is  the  diffusion  coefficient,  Trad  the 
radiative  lifetime,  and  kg  the  self-quenching  rate  constant  of  the  excited  species. 
If  the  radiative  lifetime  is  much  shorter  than  the  time  constant  for  diffusion, 
Nj{z,r,t)  is  expressed  by  the  convolution  integral 

(3.3)  Nj{x,y,z,t)  =  f  [Aj{x,y,z,t) +(^j{x,y,z,t)]exp[-- — -]dt'. 

J-00  Teff 

Here,  Te/f  is  the  effective  lifetime,  written  as 
(3-4)  T-f)  =  T-h  +  kgN. 

The  spatiotemporal  emission  intensity  ^jk{x,y,z^t)  is  expressed  for  the  transi¬ 
tion  from  the  upper  j  to  the  lower  k  states  of  the  excited  molecule  as 

/t  ^ j-t 

[Aj (a;,  y,  2r,  t)  -h  C,j{x,  y, t)]  exp[ - ]d£ , 

-cx)  Teff 

where  ko  is  the  instrumental  function,  and  is  the  transition  probability  from 
j  to  k.  The  time-dependent  net  excitation  rate  is  given  by  the  deconvolution 
procedure  of  eq.(5),  as 

(3-6)  [kj{x,y,z,t)  +  (ij{x,y,z,t)]  = 

As  in  the  case  of  a  2D  image  construction  of  axisymmetric  ^jk{x^y^z^t)  in  a 
nonequilibrium  plasma,  ID-line  integrated  emission  data  ^jk{x\z^t)  at  fixed  z 
are  transformed  by  Abel  inversion;  i.e., 

/o  ^7\  ^  ~  Inversion  ^  , 

(3.7)  ^jk{x-,z,t) - - 

That  is,  the  CT  image  is  constructed  by  each  of  the  formulae 
(i)  differential  formula: 


[ii)  integral  formula: 


^jkir)  = 


l[^jk{ro,z)-^jk{r,z)] 


'  n  (r2-r2)i/2 
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4.  If-CCP  at  low  pressure 
4.1.  Plasma  maintenance  at  low  pressure 

Most  of  the  investigations  of  the  sustaining  mechanism  in  rf  CCP  were  performed 
at  pressures  of  50  mTorr  -  10  Torr  for  low  and  moderate  powers.  Recent  plasma 
etching  is  conducted  at  lower  pressure,  between  10  mTorr  -  50  mTorr,  and  in 
a  high  power  condition  in  order  to  achieve  a  fine  pattern  etching  with  high 
efficiency.  Fig.  5  shows  the  spatiotemporally  observed  net  production  rate  of 


FIG.  5,  Experimental  net  excitation  rate  of  Ar(2pl)  during  one  period  in  pure  Ar  at  50 
mTorr  for  13.56  MHz  and  300  V.  The  powered  electrode  is  located  on  the  opposite  side. 

Ar{2pl)  on  the  discharge  axis  {z)  in  Ar  for  frequency  13.56  MHz,  amplitude 
300  V,  and  pressure  50  mTorr.  The  net  excitation  rate  is  absolutely  calibrated 
(see  ref.  [14]).  The  temporal  characteristics  are  quite  interesting  as  the  proof  of 
the  sustaining  mechanism.  That  is,  even  in  a  condition  of  low  pressure,  three 
temporal  peaks,  synchronized  with  the  external  voltage  change,  are  exhibited  as 
a  function  of  one  period  of  13.56  MHz.  First,  there  is  the  peak  at  7  ns  caused  by 
the  electrons  that  are  reflected  in  front  of  the  grounded  electrode.  The  second 
appears  at  41  ns  by  the  influence  of  the  reflected  electrons  in  front  of  the  powered 
electrode.  Deep  negative  self  bias  voltage,  -200  V  at  the  powered  electrode, 
produces  a  number  of  secondary  electrons  by  ions  incident  on  the  metal  surface 
in  the  phase  of  a  negative  voltage.  The  secondary  electrons  from  the  powered 
electrode  over  the  range  of  times,  47  ns  -  68  ns,  significantly  contribute  to  the 
maintenance  of  the  rf  discharge  in  high  power  conditions.  As  experimentally 
shown  here,  even  in  the  condition  that  d  is  a  few  times  of  Lg  at  50  mTorr,  the 
If-CCP  is  still  sustained  by  the  temporal  ionization  multiplication  of  the  heated 
secondary  electrons  in  addition  to  that  of  the  reflected  ones  in  the  high  power 
condition.  This  indicates  the  absence  of  definite  stochastic  heating  of  electrons, 
independent  of  space  and  time.  The  situation  will  change  in  2f-CCP  driven  at 
VHF. 
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4.2.  Effect  of  feed  gas  on  plasma  structure 

The  difference  in  gas  composition  in  the  reactor  will  have  an  influence  pri¬ 
marily  due  to  the  presence  of  massive  negative  ions  on  the  plasma  structure. 
Fig.  6  compares  the  2D  charged  particle  distributions  in  If-CCP  in  both  Ar  and 


FIG.  6.  Predicted  density  distribution  in  If-CCP  in  pure  Ar  and  in  CF4(5%)/Ar  at  50  mTorr 
for  13.56  MHz  and  300  V.  (a)  axial  distribution,  (b)  radial  distribution  at  z=10  cm. 


CF4(5%)/Ar.  F“  is  the  main  negative  charge  even  at  5%  of  CF4  due  to  accumu¬ 
lation  resulting  from  entrapment  between  both  sheaths  in  front  of  the  electrodes, 
in  spite  of  a  very  small  production  rate  by  the  dissociative  attachment  of  CF4. 
The  validity  of  the  numerical  results  is  demonstrated  by  CT  image  of  the  net  ex¬ 
citation  rate  of  Ar(3p5)  at  the  same  external  condition.  Appearance  of  CF^  with 
a  magnitude  comparable  with  that  of  Ar"^  is  caused  by  the  high  rate  of  charge 
transfer  between  Ar"*"  and  CF4[15].  This  will  be  one  of  the  specific  characteristics 
of  CCP  in  CF4/Ar  mixture. 


4.3.  Feed  gas  and  etched  nonvolatile  particle  transport 

Etched  particle  transport  from  the  reaction  surface  is  an  issue  of  concern  with 
a  CCP  reactor.  Fig.  7  shows  one  example  of  the  flow  of  the  feed  gas  and  the 


FIG.  7.  Feed  gas  (a)  and  nonvolatile  particle  (b)  flow  in  IFCCP  for  13.56  MHz  and  300  V  at 

50  mTorr  in  Ar. 
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physically  sputtered  nonvolatile  particles  for  13.56  MHz  and  300  V  at  50  mTorr  in 
the  reactor  with  a  shower  head  on  the  upper  electrode  [16].  The  particle  transport 
depends  primarily  on  the  dc-self  bias  voltage,  and  on  the  flow  and  pressure  of 
the  feed  gas  through  the  reactor  geometry. 


5.  2f-CCP  and  its  CW  operation 

In  a  conventional  RIE  (If-CCP),  the  wafer  electrode  has  the  responsibility  for 
ion  acceleration  to  the  surface  and  for  plasma  production  and  maintenance  in 
the  presence  of  a  large  dc  self  bias  voltage.  In  2f-CCP,  the  application  of  a 
low  frequency  (LF)  bias  voltage  to  the  wafer  electrode  will  change  the  dominant 
plasma  production  /destruction  processes  on  the  (V)HF  powered-electrode.  The 
bias  electrode  will  have  additional  effects  on  the  plasma.  That  is,  the  presence 
of  a  dc  self  bias  voltage  on  the  wafer  will  produce  secondary  electrons  by  ions 
incident  on  the  bias  electrode,  and  confirm  higher  energy  electrons  inside  the 
bulk  plasma  under  a  deep  potential  well  in  front  of  both  electrodes.  The  high 
energy  electrons  will  have  a  stochastic  ionization  between  both  sheaths,  as  was 
discovered  in  our  previous  study  by  the  measurement  of  the  ratio  between  the 
excited  ion  production  and  the  neutral  Ar(3p5)[6]. 


5.1.  Functional  separation 

The  bgLsic  idea  of  the  different  two  frequency  operation  in  each  of  the  electrodes 
in  CCP  is  one  of  functional  separation  between  them.  That  is,  the  bias  electrode 
with  a  wafer  to  be  processed  has  the  responsibility  for  the  acceleration  of  positive 
ions  to  the  surface  for  the  purpose  of  reactive  ion  etching,  while  the  powered 
electrode  makes  a  contribution  to  the  plasma  production  and  the  maintenance. 
In  terms  of  the  functional  design,  it  will  be  essential  to  employ  a  VHF  source  at 
the  powered  plate  and  a  LF  voltage  at  the  wafer  electrode.  The  upper  value  of 
VHF  will  be  limited  by  the  capability  of  a  uniform  potential  on  the  electrode. 
At  several  hundred  MHz  or  UHF  range,  antenna  coupling  will  be  required  with  a 
plasma.  At  that  point,  the  need  for  a  local  mode  control  of  the  electromagnetic 
field  in  front  of  the  power  supply  will  have  to  be  addressed.  Fig.  8  shows  the 
spatial  relation  of  the  net  production  rate  on  the  2:  axis  in  CF4(5%)/Ar  at  25 
mTorr  as  a  practical  system  for  plasma  etching,  as  a  function  of  the  bias  voltage 
of  LF  (700  kHz),  for  the  powered  electrode  driven  at  HF  (13.56  MHz)  with  an 
amplitude  of  300  V(a),  and  at  VHF  (100  MHz)  with  an  amplitude  of  50  V(b). 
The  result  is  absolutely  calibrated  (see  ref.  [17]).  The  plasma  density  is  kept  at 
10^®  cm“^  in  (a)  and  (b)  without  bias  power.  Obviously,  the  2f-CCP  at  the  VHF 
plasma  source  exhibits  unaffected  spatial  characteristics  such  as  changes  in  the 
bias  amplitude,  which  is  much  more  preferable  for  functional  separation[6] . 

5.2.  Additional  function  in  2f-CCP 

In  a  conventional  RIE  (If-CCP)  system  driven  by  HF  power  supply,  it  is  essential 
to  keep  a  lower  sheath  field  in  front  .of  the  grounded  electrode  and  the  reactor 
wall.  The  most  significant  difference  between  If-CCP  and  2f-CCP  systems  at 
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HF(  13.56  MHz)  is  the  existence  of  a  plasma  structure  surrounded  by  a  strong 
positive  ion  sheath.  That  is,  the  efficiency  to  confine  a  higher  energy  electron 
between  both  electrodes  is  improved  in  the  system  of  2^00?  at  low  pressure, 
when  the  high  energy  elecron  is  supplied  to  the  bulk  plasma  through  the  strong 
sheath  acceleration  of  the  secondary  electrons  produced  by  the  ion  impact  on 
the  wafer  elecrodes.  This  will  lead  to  a  higher  plasma  density  at  HF  by  a  bias 
power  application  through  the  improvement  in  ionization  efficiency  in  a  bulk 
plasma  that  is  caused  by  the  presence  of  high  energy  electrons  (See  Fig.  8(a) 
and  (b)).  This  indicates  two  important  facts.  One  is  the  unsatisfactory  charac- 


FlG.  8.  Effect  of  LF(700  kHz)  bias  amplitude  on  the  axial  net  production  rate  of  Ar(3p5)  in 
2f-CCP  at  25  mTorr  in  CF4(5%)/Ar  (experimental).  Plasma  is  driven  at  13.56  MHz  (a)  and 

at  100  MHz  (b). 

teristics  for  the  purpose  of  functional  separation.  The  other  is  the  increase  of  the 
effective  dissociation  efficiency  indicated  by  the  electron  excitation  of  the  feed 
gas  molecule  by  a  high  energy  electron.  Control  of  the  high  energy  component 
of  electrons  in  the  bulk  plasma  will  be  achieved  by  changing  the  frequency  for 
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plasma  production  from  HF  to  VHF  in  order  to  reduce  the  amplitude  of  the 
sheath  field  in  front  of  the  powered  electrodes. 

Modern  plasma  etching  is  a  system  that  maintains  a  high  density  plasma 
with  a  large  area  of  uniformity  in  a  radial  direction  at  a  low  level  of  dissociation 
at  low  pressure.  At  HF  operation  with  a  strong  sheath  in  front  of  the  powered 
electrode,  it  will  be  difficult  to  separate  the  high  density  plasma  production  and 
the  high  efficiency  of  dissociation.  On  the  other  hand,  when  VHF  is  employed 
for  the  plasma  production,  the  trapping  of  low  energy  electrons  in  bulk  plasma  is 
at  first  intrinsic.  As  shown  in  Fig.  8(a)  and  (b),  the  VHF  plasma  characteristics 
result  in  a  low  amplitude  and  low  self  bias  voltage;  i.e.,  there  is  a  low  sheath  field 
in  front  of  the  powered  electrode.  This  means  that  the  extent  of  the  low  energy 
component  of  electrons  in  the  VHF  plasma  reactor  is  much  larger  than  that  in 
the  HF  plasma  reactor  when  the  same  plasma  density  is  compared  under  these 
respective  conditions.  Given  these  physical  mechanisms  use  of  the  VHF  plasma 
source  with  LF  bias  electrode  is  preferable  to  achieve  a  high  density  plasma  with 
a  low  degree  of  dissociation. 


5.3.  Effect  of  fixed  parallel  plates  geometry 

As  discussed  above,  the  uniform  potential  boundary  in  each  of  the  fixed  plates 
is  realized  in  a  simple  reactor  geometry  in  CCP  driven  at  VHF.  This  system  has 
structural  advantages  over  the  traditional  HF  system,  and  over  other  antenna- 
coupled  plasma  sources.  The  distance  between  the  parallel  plates  will  be  designed 
finally  by  the  gas  flow  inside  the  electrodes  to  keep  the  degree  of  stepwise  collision 
processes  at  a  low  level  as  narrow  as  possible. 


6.  Pulsed  operation  of  2f-CCP 

In  a  2f-CCP,  there  are,  in  principle,  three  types  of  pulsed  operation.  One  is  the 
pulsed  plasma  production  at  the  powered  electrode  under  a  LF-CW  bias  voltage 
application  on  the  wafer.  Another  is  the  bias  pulse  operation  during  CW  plasma 
production.  The  third  is  the  bias  voltage  application  synchronized  with  the  rest 
period  of  the  pulsed  plasma  source.  In  our  previous  paper,  we  investigated  the 
mechanism  of  the  bias  pulse  operation  in  the  third  technique  [18,  19].  It  will 
be  essential  to  controlling  the  space  potential  close  to  the  wafer  as  a  function 
of  duty  ratio  and  the  bias  voltage  amplitude.  The  impetus  for  the  electron 
migration  to  the  wafer  as  a  drift  wave  lies  in  the  sudden  change  of  the  applied 
power  source.  This  causes  plasma  instability  over  the  whole  space  between  both 
electrodes,  and  the  instability  propagates  through  the  bulk  plasma  to  the  wafer 
as  the  electron  drift  wave,  in  which  the  negative  ion  F~  is  produced  by  the 
dissociative  attachment  of  the  front  electrons  with  a  higher  energy  component, 
as  well  as  by  the  neutralization  of  the  positive  ion  sheath  in  front  of  the  wafer. 
These  phenomena  indicate  that  the  mechanism  has  control  over  the  showers 
of  electrons  and  negative  ions  on  the  wafer.  It  is  concluded  that  the  electron 
is  almost  exhausted  in  the  period  of  its  acceleration  towards  the  wafer.  An 
insufficient  supply  of  electrons  with  high  energy,  however,  will  introduce  the 
limit  of  the  practical  application  for  charging  free  plasma  processes. 
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We  discuss  herein  the  first  practical  technique  to  introduce  a  high  energy 
negative  charge  on  the  wafer  surface  or  inside  the  trench  (hole)  with  high  aspect 
ratio.  Fig.  9  shows  an  example  of  the  2D  electron  density  distribution  during 


FIG.  9.  Predicted  electron  density  distribution  in  pulsed  plasma  driven  at  100  MHz,  200  V, 
under  LF  bias  voltage  application  of  1  MHz,  200  V  at  30  mTorr  in  Ar.  (a)  ne{z,t)^ 

(b)  ne{z,r)  just  before  the  switch-off  phase,  and  (c)  ne(z,r)  just  before  the  switch-on  phase. 

one  period  of  the  pulsed  operation  of  the  plasma  production  at  100  MHz  and  200 
V  under  LF-CW  bias  voltage  of  1  MHz  and  200  V  at  30  mTorr  in  Ar[20].  The 
duty  ratio  is  0.5  with  an  on-time  of  5/is.  The  appearance  of  the  synchronized 
electron  flow  with  LF  bias  frequency  to  the  wafer  is  shown  in  Fig.  9(a).  When 
the  feed  gas  is  changed  from  pure  Ar  to  CF4(5%)/Ar,  the  change  of  the  plasma 
structure  and  its  density  occur  as  a  result  of  the  negative  ion  formation  and  the 
heavy  particle  collisions,  as  discussed  in  4,2  in  the  case  of  If-CCP.  Interest  in 
the  pulsed  operation  in  the  2f-CCP  reactor  in  CF4(5%)/Ar  will  center  on  the 
mechanism  of  a  negative  ion  supply  to  the  wafer.  Figure  10  shows  a  migration 


FIG.  10.  Predicted  negative  ion  (F  )  transport  to  the  wafer  in  pulsed  2f-CCP  driven  at  27 
MHz,  250  V,  under  LF-CW  bias  voltage  at  800  kHz,  250  V  at  100  mTorr  in  CF4(5%)/Ar. 
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of  negative  F“  ions  toward  the  wafer  during  an  off-period  (20  /is)  of  the  plasma 
source  power  due  to  the  conversion  process  of  the  electron  to  F“ . 


7.  Charging  on  oxide  etching 


Charging  is  intrinsic  to  an  insulator  or  metal  on  an  insulator  that  is  exposed 
to  plasma.  The  Si02  trench  is  charged  during  plasma  etching,  since  the  time 
constant  for  charging  is  shorter  than  the  time  of  layer  by  layer  etching.  Oxide 
etching  is  different  from  that  of  metals,  in  terms  of  the  energy  range  of  ions  and 
in  the  etched  surface  potential.  That  is,  ions  with  several  hundred  eV  are  used 
for  oxide  etching,  while  metal  is  etched  by  ~  20  eV.  In  a  metal  etching,  the  wall 
will  be  kept  at  equipotential[21],  though  locally  different  surface  potentials  are 
realized  during  oxide  etching  due  to  high  resistivity.  Fig.  11  is  an  example  of  the 


FIG-  11.  Example  of  charging  on  the  inside  of  Si02  trench  etching. 

charged  potential  in  a  trench  of  0.1  /xm  width  with  an  aspect  ratio  of  2  during 
Si02  etching  at  CW  conditions  of  ion  energy,  300  eV,  and  electron  energy  3  eV 
[22].  A  vibration  of  the  local  surface  potential  will  take  place. 


Acknowledgments 


The  author  wishes  to  express  his  thanks  to  Drs.  N.  Nakano,  T.  Kitajima,  and 
Prof.  Z.  Lj.  Petrovic  for  their  collaboration.  The  work  is  supported  in  part  by 
Association  of  Super- Advanced  Electronics  Technologies  (ASET)  and  Semicon¬ 
ductor  Technology  Academic  Research  Center  (STARC). 


Modeling  and  diagnostics  of  two-frequency  pulsed  CCP  and  ... 


359 


References 

1.  S.  Nishikawa,  Edt.  Digest  of  Papers  Int.  Forum  on  Semiconductor  Technoi.,  (Kyoto)  (1998), 
M.Sasago  Edt.  ibid. (1999). 

2.  V.  Vahedi,  C.K.  Birdsall,  M.A.Lieberman,  G.  DiPeso,  T.D.  Rognlien,  Phys.Fluids,  B5, 
2719,  1993. 

3.  T.  Kitamura,  N.  Nakano,  T.  Makabe  and  Y.  Yamaguchi,  Plasma  Source  Sci.  Technoi.,  2,  40, 
1993. 

4.  P.M.  Meijer,  J.D.P.  Passchier,  W.J.  Goedheer,  J.  Bezemer,  W.G.J.H.M.  van  Sark,  Appl. 
Phys.  Lett.,  64,  1780,  1994. 

5.  T.  Kitajima,  Y.  Takeo,  N.  Nakano  and  T.  Makabe,  J.  Appl.  Phys.,  84,  5928-5936,  1998, 

6.  T.  Kitajima,  T,  Takeo  and  T.  Makabe,  J.  Vac.  Sci.  Technoi.  A,  17,  2510-2516,  1999. 

7.  T.  Tatsumi,  H.  Hayashi,  S.  Morishita,  S.  Noda,  M.  Okigawa,  N.  Itabashi,  Y.  Hikosaka 

and  M.  Inoue,  Jpn.  J.  Appl.  Phys.,  37B,  2394,  1998. 

8.  S.  Morishita,  H.  Hayashi,  T.  Tatsumi,  Y,  Hikosaka,  S.  Noda,  M.  Okigawa,  M.  Matsui, 
M.  Inoue  and  M.  Sekine,  Jpn.  J.  Appl.  Phys.,  37B,  6899,  1998. 

9.  T.  Makabe,  Technical  report  in  IEEE  of  Jpn  (in  Japanese)  ED-120,  1983. 

10.  K.  Okazaki,  T.  Makabe  and  Y.  Yamaguchi,  Appl.  Phys.  Lett.,  54,  1742,  1989. 

11.  T.  Makabe,  N.  Nakano  and  Y.  Yamaguchi,  Phys.  Rev.,  A  45,  2529,  1992. 

12.  K.  Maeda  and  T.  Makabe,  Jpn.  J.  Appl.  Phys.,  33,  4173-4176,  1994. 

13.  M.  Kurihara,  Z.  Lj.  Petrovic  and  T.  Makabe,  J.  Phys.  D  (submitted). 

14.  F.  Tochikubo  and  T.  Makabe,  Meas.  Sci.  Technoi.,  2,  1133,  1991. 

15.  E.  Fisher,  M.E.  Weber  and  P.B.  Armentrout,  J.  Chem.  Phys.,  76,  4932,  1982. 

16.  K.  Maeshige,  M.  Hasebe,  N.  Nakano,  Y.  Yamaguchi  and  T.  Makabe,  submitted  to  J.  Appl. 
Phys. 

17.  T.  Kitajima,  M.  Izawa,  R.  Hashido,  N.  Makano  and  T.  Makabe,  Appl.  Phys.  Lett.,  69,  758, 
1996. 

18.  T.  Makabe,  J.  Matsui  and  N.  Nakano,  Pure  &:  Appl.  Chem.,  70,  1187-1191,  1998. 

19.  M.  Shibata,  j.  Matsui,  N.  Nakano,  M.  Nakamura  and  T.  Makabe,  in  preparation. 

20.  N.  Nakano  and  T.  Makabe,  in  preparation. 

21.  G.S.  Hwang  and  K.P.  Giapis,  J.  Vac.  Sci.  Technoi.  B,  15,  70,  1997. 

22.  J.  Matsui,  N.  Nakano,  Z.  Lj.  Petrovic  and  T.  Makabe,  submitted  to  Jpn.  J.  Appl.  Phys. 


Journal  of  Technical  Physics,  J.  Tech.  Phys.,  41,  1,  Special  Issue,  361-375,  2000 
Polish  Academy  of  Sciences,  Institute  of  Fundamental  Technological  Research,  Warszawa 
Military  University  of  Technology,  Warszawa 


NONLOCAL  TRANSPORT  AND  CORRELATIONS  IN  STRONGLY  INTERACTING 

FERMI  SYSTEMS 

K.  MORAWETZ^'^  V.SPICKA^,  P.  LIPAVSKY^ 


^LPC-ISMRA,  Bid  MARECHAL  JUIN,  14050  CAEN  AND  GANIL 
Bid  Becquerel,  14076  Caen  Cedex  5,  France 
^FACHBEREICH  PHYSIK,  UNIVERSITY  ROSTOCK 
D-18055  Rostock,  Germany 

^INSTITUTE  OF  PHYSICS,  ACADEMY  OF  SCIENCES 
Cukrovarnickd  10,  16200  Praha  6,  Czech  Republic 


The  formation  of  correlations  due  to  collisions  in  an  interacting  Fermionic  system  is  investi¬ 
gated.  We  present  analytically  the  time  dependent  interaction  energy  with  and  without  initial 
correlation.  This  short  time  behavior  is  characterized  by  the  reduced  density  matrix  possessing 
high  energetic  tails.  After  this  short  time  regime  the  time  evolution  is  controlled  by  small 
gradients.  This  leads  to  a  nonlocal  Boltzmann  equation  for  the  quasiparticle  distribution  and  a 
functional  relating  the  latter  one  to  the  reduced  density  matrix.  The  nonlocalities  axe  presented 
as  time  and  space  shifts  arising  from  gradient  expansion  and  axe  leading  to  virial  corrections  in 
the  thermodynamical  limit. 


1.  Short  time  regime 

The  generalization  of  Boltzmann  equation  towards  dense  interacting  systems  is 
a  still  demanding  and  unsolved  task.  A  huge  variety  of  different  attempts  can  be 
found  in  literature  to  incorporate  modifications  which  leads  to  virial  corrections 
in  the  equation  of  state,  see  citations  in  [1]  -  [7].  Starting  from  the  theory 
of  classical  gases  of  hard  spheres,  Enskog  introduced  besides  non-localities  also 
static  correlations  [1,  2,  9,  10]  and  later  on  Weinstock  [11]  discussed  dynamic 
correlations.  An  effort  to  describe  the  virial  corrections  for  more  realistic  systems 
resulted  in  various  generalizations  of  Enskog’s  equation  [4,  8,  12,  13]  and  [13  - 

The  pioneering  contribution  to  quantum  non-local  corrections  was  made  by 
Snider  [13]  who  generalized  Waldmann’s  equation  [12]  in  such  a  way  that  it  in¬ 
cludes  non-locality  of  collisions.  Since  then  a  number  of  similar  theories  have 
been  developed.  It  was  generally  believed  that  this  approach  covered  the  virial 
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corrections  until  Laloe,  Mullin,  Nacher  and  Tastevin  analyzed  the  so  called 
Waldmann-Snider  theory,  coming  to  the  conclusion  that  Snider’s  equation  in 
its  original  form  is  not  consistent  with  the  second-order  virial  correction  to  the 
equation  of  state  [21,  23].  In  the  series  of  papers  [18,  23]  Laloe,  Tastevin  and 
Nacher  have  introduced  a  concept  of  “free  Wigner  transform  which  wipes  out 
the  effect  of  the  potential  at  short  distances” .  The  main  idea  of  their  approach 
is  identical  to  the  idea  of  quasiparticles  in  that  the  kinetic  equation  is  not  con¬ 
structed  for  Wigner’s  distribution  but  for  a  subsidiary  function,  the  free  Wigner’s 
transform,  that  is  free  of  the  correlated  motion.  Wigner’s  function  is  constructed 
from  the  free  Wigner’s  transform  in  the  final  step.  Since  the  free  Wigner’s  trans¬ 
form  includes  only  the  on-shell  contributions,  as  far  as  we  can  see,  the  free 
Wigner’s  transform  is  identical  to  the  quasiparticle  distribution.  The  intuitive 
theory  of  Laloe,  Tastevin  and  Nacher  has  been  confirmed  by  de  Haan  [20]  who 
used  Balescu’s  formal  derivation  of  kinetic  equations  [5]. 

The  on-shell  approximations  became  so  “well  established”  that  the  off-shell 
contributions  are  believed  to  be  out  of  the  scope  of  kinetic  equations  because 
of  their  genuine  quantum  character.  This  opinion  has  already  been  disproved 
by  Prigogine.  His  approach,  probably  best  represented  by  Balescu’s  formal  ex¬ 
pansion  [5],  shows  that  the  off-shell  contributions  do  not  force  any  modification 
of  the  structure  of  the  kinetic  equation  but  they  have  to  be  included  among 
its  ingredients  (in  the  renormalization  of  the  single-particle  energy  and  in  the 
scattering  integral).  This  is  clearly  the  quasiparticle  picture.  Accordingly,  the 
kinetic  equation  for  quasiparticles  does  not  imply  that  the  off-shell  processes  be 
neglected  but  that  they  be  recast  into  various  renormalizations.  Naturally,  the 
off-shell  contributions  are  essential  in  the  p[/]-functionai  as  discussed  by  [25]  and 
[26].  We  will  give  an  appropriate  functional  in  the  second  part  of  the  paper. 

These  kinetic  equations  describe  different  relaxation  stages.  During  the  very 
fast  first  stage,  correlations  imposed  by  the  initial  preparation  of  the  system  are 
decaying  [27].  These  are  contained  in  off- shell  or  dephasing  processes  described 
by  two-time  propagators.  During  this  stage  of  relaxation  the  quasiparticle  picture 
is  established  [28,  29].  After  this  very  fast  process  the  second  state  develops 
during  which  the  one-particle  distribution  relaxes  towards  the  equilibrium  value 
with  a  relaxation  time.  During  this  relaxation  state  the  virial  corrections  are 
established  and  can  be  consistently  described  by  a  nonlocal  Boltzmann  kinetic 
equation  [7] .  We  will  present  results  for  both  stages  here. 

The  formation  of  correlations  is  connected  with  an  increase  of  the  kinetic 
energy  or  equivalently  the  build  up  of  correlation  energy.  This  is  due  to  rear¬ 
rangement  processes  which  let  decay  higher  order  correlation  functions  until  only 
the  one  -  particle  distribution  function  relaxes.  Because  the  correlation  energy 
is  a  two  -  particle  observable  we  expect  that  the  relaxation  of  higher  order  cor¬ 
relations  can  be  observed  best  within  this  quantity.  Of  course,  the  total  energy 
of  the  system  is  conserved 

=  “• 

which  means  that  the  kinetic  energy  increases  on  cost  of  the  correlation  energy 
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-^corr(^)* 

The  kinetic  equation  in  Born  approximation  for  spatial  homogeneous  media 
including  memory  effects  but  no  damping  is  called  Levinson  equation  and  reads 
[30,  31,  29] 


(1.2) 


xcos 


JU2 

2ma  2mb 


dt 

{k  -  q)^ 


p{t,  k)  =  2Y.  SaSb  j  <1 1)^  ^  dr 


ip  +  q)‘ 


){t-T)  {p{'r,k-q)p{T,p  +  q) 


2ma  2mft 

X  (1  -  p(t,  k)  -  p{t,p))  -  p(t,  k)p{T,p){\  -  p{t,p  +  q)  -  p{t,  k  -  g))} 


with  the  spin  (isospin,...)  degeneracy  s  and  the  two  particle  potential  Vat-  The 
Wigner  distribution  functions  are  normalized  to  the  density  as  s  f  j^jP(p)  =  n. 

The  Boltzmann  collision  integral  is  obtained  from  equation  (1.2)  if:  (i)  One 
neglects  the  time  retardation  in  the  distribution  functions,  i.e.  the  memory 
effects  and  (ii)  The  finite  initial  time  to  is  set  equal  to  —  oo  corresponding  to 
what  is  usually  referred  to  as  the  limit  of  complete  collisions.  The  memory  effect 
is  condensed  in  the  explicit  retardation  of  the  distribution  function.  This  would 
lead  to  gradient  contributions  to  the  kinetic  equation  which  can  be  shown  to  be 
responsible  for  the  formation  of  high  energetic  tails  in  the  distribution  function 
[33,  34].  This  effect  will  be  established  on  the  second  stage  of  relaxation  and  will 
lead  to  virial  corrections  in  chapter  2. 

The  second  effect  is  contained  in  the  energy  broadening  or  off-shell  behav¬ 
ior  in  (1.2).  This  is  exclusively  related  to  the  spectral  properties  of  the  two- 
particle  propagator  and  therefore  determined  by  the  relaxation  of  two-particle 
correlation.  On  this  time  scale  the  memory  in  the  distribution  functions  can  be 
neglected  but  we  will  keep  the  spectral  relaxation  in  the  off-shell  cos-function 
of  (1.2).  The  resulting  expression  for  (1.2)  describes  then  how  two  particles 
correlate  their  motion  to  avoid  the  strong  interaction  regions.  This  very  fast 
formation  of  the  off-shell  contribution  to  Wigner’s  distribution  has  been  found 
in  numerical  treatments  of  Green’s  functions  [35,  36]. 


1.1.  Sudden  switching 

Starting  with  a  sudden  switching  approximation  we  consider  Coulomb  interaction 
and  during  the  first  transient  time  period  the  screening  is  formed.  This  can 
be  described  by  the  non-Markovian  Lenard  -  Balescu  equation  [37]  instead  of 
the  static  screened  equation  (1.2)  leading  to  the  dynamical  expression  of  the 
correlation  energy.  To  demonstrate  its  results  and  limitations,  we  use  Maxwellian 
initial  distributions  neglecting  degeneracy. 

From  (1.2)  we  find  with  ^Ecorr  =  -Eaf(^^mPa 
component  plasma 


dt  n 


e^KT 

2h 


Im 


(H-2z2)e*^(l_erf(z)) 
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(1.3) 


e^/^T 

h 


Im  e^i  (1  —  erf(2ri))j 


where  we  used  and  zi  =  ojp^j2t‘^  —  it^.  This  is  the  ana¬ 

lytical  quantum  result  of  the  formation  of  correlation  for  statically  as  well  as 
dynamically  screened  potentials.  For  the  classical  limit  we  are  able  to  integrate 
expression  (1.3)  with  respect  to  times  and  arrive  at 


static 

corr 


{t)  =  — 1  + 


2u)pt 

7^ 


^1  4-  exp  j  [1  -  erf(wpt)] 


(1.4)  E^yr"“W  =  -^e2n«;|l-exp|^5^t2j  | 

In  Fig.  1,  this  formulae  are  compared  with  molecular  dynamic  simulations  [38] 

2 

for  two  values  of  the  plasma  parameter  F  =  0.1  and  1.  This  parameter  F  == 


FIG.  1.  The  formation  of  correlation  energy  due  to  molecular  dynamic  simulations  [38] 
together  with  the  result  of  (1.4)  for  a  plasma  parameter  F  =  0.1  (left)  and  F  =  1  (right). 

The  upper  curve  is  the  static  and  the  lower  the  dynamical  calculation  of  (1.4).  The  latter  one 

approaches  the  Debye-Hiickel  result. 

where  ag  =  is  the  Wigner-Seitz  radius.  The  static  result  underestimates 

the  dynamical  long  time  result  of  Debye-  Hiickel  \/3/2F^/^  by  a  factor  of  two, 
which  can  be  seen  from  the  long  time  and  classical  limit  ^ 

(oo)  =  -^^(1  -  e'7rfc(6))  =  +  o{b) 

(1.5)  =  -^(1  -  erfc(b))  =  -^e^nn  +  o{b). 

The  first  result  represents  the  Montroll  correlation  energy  [39].  For  F  =  1,  see 
Fig.  1,  non-ideal  effects  become  important  and  the  formation  time  is  under¬ 
estimated  within  (1.4).  This  is  due  to  non-ideality  which  was  found  to  be  an 
expression  of  memory  effects  [32]  and  leads  to  a  later  relaxation. 
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1.2.  Initial  correlations 

The  situation  of  sudden  switching  of  interaction  may  be  considered  as  an  artificial 
one.  In  the  simulation  experiment  we  have  initial  correlations  which  are  due 
to  the  set  up  within  quasiperiodic  boundary  condition  and  Ewald  summations. 
This  obviously  results  into  an  effective  statically  screened  Debye  potential,  or  at 
least  the  simulation  results  in  Fig.  1  allow  for  this  interpretation.  Therefore  we 
consider  now  initial  correlations  which  lead  besides  the  explicit  collision  integral 
in  Born  approximation  (1.2)  to  a  new  collision  term  [57] 

(1-6)  -2  E  r  dh  f  • 


{pl{k  -  q)plip  +  9)(1  -  Po(p)  -  Po(fc))  -  Po  WPo(p)(1  -  plip  +  q)-  Po(k  -  g))} 

with  pq  the  initial  Wigner  distribution. 

To  show  the  interplay  between  collisions  and  correlations,  we  have  calculated 
the  initial  two-particle  correlation  function  in  the  ensemble,  where  the  dynamical 
interaction  V{q)  is  replaced  by  some  arbitrary  function  Vo{q).  Therefore  the 
initial  state  deviates  from  thermal  equilibrium  except  when  V{q)  =  VQ{q)  and 
e(^o)  =  Qo- 

The  additional  collision  term,  Xq?  cancels  exactly  the  Levinson  collision  term 
(1.2)  in  the  case  that  we  have  initially  the  same  interaction  as  during  the  dynam¬ 
ical  evolution  (Vq  =  V)  and  if  the  system  starts  from  the  equilibrium  p{t)  =  po- 
On  very  short  time  scales  we  can  again  neglect  the  change  in  the  distribution 
function  and  assume  a  Maxwellian  initial  distribution.  The  model  interaction  is 
now  a  Debye  potential  Vi{q)  =  47re^/[^^  +  with  fixed  parameter  Ki  =  kd  and 
for  the  initial  correlations  m  =  kq.  We  obtain  for  the  change  of  kinetic  energy 
from  the  kinetic  equation 

(1.7)  ^Ey^^{t)  =  S[V{q)\t)-£\Vo{q)V{qm, 

which  can  be  integrated  [29]  to  yield 

(l*^)  ■^kin(^)  “  ^total  ”  •^init(^)  ~  ■^cou(^)* 

For  the  classical  limit  we  obtain  explicitly  the  time  dependent  kinetic  energy 

dy{y^{y))y-xr’, 

where  T{y)  =  1  —  e^^erfc(?/),  r  =  x  =  «£)/«  and  h?  =  Aire^nlT  = 

cjpT/m.  The  plasma  parameter  is  given  as  usually  by  F  =  where  = 

is  the  Wigner-Seitz  radius. 
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In  Fig.  2,  upper  panel,  we  compare  the  analytical  results  of  (1.9)  with  MD 
simulations  [56]  using  the  Debye  potential  Vi  as  bare  interaction.  The  evolution 
of  kinetic  energy  is  shown  for  three  different  ratios  x.  The  agreement  between 
theory  and  simulations  is  quite  satisfactory,  in  particular,  the  short  time  behav¬ 
ior  for  X  =  2.  The  stronger  initial  increase  of  kinetic  energy  observed  in  the 
simulations  at  x  =  1  may  be  due  to  the  finite  size  of  the  simulation  box  which 
could  more  and  more  infiuence  the  results  for  increasing  range  of  the  interaction. 


FIG.  2.  The  formation  of  correlation  energy  -Ecorr  =  -£?totai  “  -  E^coii  =  £^kin  in  a  plasma 

with  Debye  interaction  Vi.  The  upper  panel  compares  the  analytical  results  (1.9)  with  MD 
simulations  from  [56]  for  three  different  ratios  of  kd  to  the  inverse  Debye  length  x  =  kd/k. 

In  the  lower  panel  we  compare  theoretical  predictions  for  the  inclusion  of  Debye  initial 
correlations  characterized  by  xo  =  kq/k  where  x  =  kd/k  =  1. 

Now  we  include  the  initial  correlations  which  leads  to 
M  -E’init(^)  x/SF^/^  r  ^  'T'/  \^ 

where  aro  =  «o/^  characterizing  the  strength  of  the  initial  correlations  with  the 
Debye  potential  Vq  which  contains  «:o  instead  of  «£>.  Besides  the  kinetic  energy 
(1.10)  from  initial  correlations,  the  total  energy  F?totai  (1-8)  now  includes  the 
initial  correlation  energy  which  can  be  calculated  from  the  long  time  limit  of 
(1.9)  leading  to 

gtotal  _  V3r3/2 

nT  2{x  +  oio) 


(1.11) 
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The  result  (1.8)  is  seen  in  Fig.  2,  lower  panel.  We  observe  that  if  the  initial 
correlation  is  characterized  by  a  potential  range  larger  than  the  Debye  screening 
length,  rco  <  1,  the  initial  state  is  over-correlated,  and  the  correlation  energy 
starts  at  a  higher  absolute  value  than  without  initial  correlations  relaxing  to¬ 
wards  the  correct  equilibrium  value.  If,  instead,  rco  =  1  no  change  of  correlation 
energy  is  observed,  as  expected.  Similar  trends  have  been  observed  in  numerical 
solutions  [40]. 

The  characteristic  time  of  formation  of  correlations  at  high  temperature  limit 
is  given  by  the  inverse  plasma  frequency  ~  ^  The  inverse  plasma 

frequency  indicates  that  the  long  range  fluctuations  play  the  dominant  role. 
This  confirms  the  numerical  finding  of  [27]  that  the  correlation  or  memory  time 
is  proportional  to  the  range  of  interaction.  In  the  low  temperature  region,  i.e., 
in  a  highly  degenerated  system  fj,  ':$>  T,  one  finds  [29]  that  the  build  up  time 
is  the  inverse  Fermi  energy,  h/ej  in  agreement  with  the  quasiparticle  formation 
time  known  as  Landau’s  criterion.  Indeed,  the  quasiparticle  formation  and  the 
build  up  of  correlations  are  two  alternative  views  of  the  same  phenomenon.  The 
formation  of  binary  correlations  is  very  fast  on  the  time  scale  of  dissipative 
processes.  Under  extremely  fast  external  perturbations,  like  the  massive  femto 
second  laser  pulses,  the  dynamics  of  binary  correlations  will  hopefully  become 
experimentally  accessible. 


2.  Virial  regime 

Now  we  proceed  and  investigate  how  the  relaxation  into  equilibrium  is  performed 
by  the  system.  During  this  time  scale  the  virial  corrections  should  be  established. 
We  will  convince  ourselves  firstly  that  the  direct  use  of  reduced  density  matrix 
as  done  so  far  for  short  time  regimes  is  not  possible. 

2.1.  Two  shortcomings  of  kinetic  equation  for  reduced  density 

On  larger  time  scales  we  expect  smoothed  time-space  gradients  and  will  therefore 
develop  a  theory  including  first  oder  gradients.  We  expand  the  Levinson  equation 
up  to  first  order  memory  and  restrict  first  to  homogeneous  systems.  The  kinetic 
equation  for  the  reduced  density  matrix  [33]  is  then  obtained,  e.g.  from  (1.2) 

(2-1)  ^  ?Bolt2  "q^COVT 

where  besides  the  usual  Boltzmann  term,  XboUz?  there  appears  an  additional  off- 
shell  term,  Xcorr?  which  describes  the  correlation  in  the  reduced  density  matrix. 

The  commonly  used  idea  in  the  literature  [3,  33]  to  obtain  balance  equations 
for  the  density,  momentum  or  energy  including  virial  correlations  is  to  integrate 
(2.1)  over  1,  p  or  p^/2m  respectively.  In  [33]  the  conclusion  was  drawn  that  the 
correlated  part  =  —  /  dpTcon  combining  with  the  left  hand  side  of  (2.1)  should 
establish  the  density  conservation 
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where  rif  =  f  dpp  was  interpreted  as  free  (quasiparticle)  density.  This  was  in 
line  with  the  treatment  of  [3]  and  others.  Understanding  this  equation  as  the 
balance  between  free  and  correlated  density  one  has  to  face  a  puzzle  which  was 
not  noted  in  [33].  Carefully  inspection  reveals  that  the  correlated  part  of  the 
collision  integral  leads  just  to  the  opposite  sign  in  the  correlated  density  he  = 
—  /  dpIcoTT  =  — known  from  the  Beth-Uhlenbeck  equation  of  state  [41,  42,  43]. 
Using  the  correct  definition  /  dpp  =  n/  +  ric  leads  to  an  exact  cancellation  of 
Tie  from  the  left  hand  side  with  the  correlated  part  he  from  the  right  hand 
side.  So  one  has  either  the  choice  to  “reinterpret”  the  reduced  density  matrix 
as  quasiparticle  distribution  leading  to  n/,  but  which  results  into  a  wrong  sign 
of  the  correlated  density,  or  one  has  to  face  the  exact  cancellation  of  Uc  in  the 
balance  equation  and  the  incorrect  conservation  of  ny^.  We  will  show  that  the 
virial  corrections  will  appear  instead  from  internal  gradients. 

That  these  correlated  parts  do  not  provide  the  virial  corrections  but  a  relation 
between  reduced  density  matrix  and  quasiparticle  distribution  have  mostly  not 
noted.  We  will  present  a  solution  of  this  puzzle  by  constructing  an  appropriate 
relation  between  reduced  density  matrix  and  quasiparticle  distribution.  The 
quasiparticle  distribution  will  fulfill  a  kinetic  equation  consistent  with  the  balance 
equations  and  the  relation  to  the  reduced  density  matrix  is  provided  additionally 
by  a  fixed  functional  from  the  beginning. 

The  second  puzzle  is  a  more  obvious  hint  that  the  Levinson  equation  fails  to 
describe  the  long  time  evolution  of  a  system.  We  can  iterate  the  time  derivative 
inside  the  collision  integral  on  the  right  hand  side  of  (2.1)  to  create  an  infinite 
series.  Neglecting  backscattering  terms  we  estimate 

(2-3)  >  C  [p]  IboUz  [p] 

with  C  =  p  is  similar  to  the  back  flow  (second  order  response)  [34] 

n=0 


Tr2/_NPWp(fc  +  p)p(p 


q)  +  p{k)p(k  +  q)p(p  -  q) 


i^k  ^k+q  "t"  £p 


p-q 


with  p  =  1  —  p.  As  one  can  see  p  is  positive  but  by  no  means  every  time 
smaller  than  one.  Therefore  ^  appears  to  be  divergent  at  certain  momentum 
situations.  Therefore  we  conclude  that  the  gradient  expanded  Levinson  equation 
is  not  ergodic.  This  has  been  observed  in  numerical  solutions  of  these  non- 
Markovian  kinetic  equations  [44].  Usually  the  energy  rises  continuously.  We  will 
show  that  a  proper  balance  between  off-shell  terms  in  the  reduced  density  and 
the  kinetic  equation  for  the  pole  part  is  necessary  to  ensure  ergodicity. 


2.2.  Connection  between  reduced  density  matrix  and  quasiparticle  distribution 

The  approach  presented  now  is  based  on  the  real-time  Greenfunction  technique. 
We  consider  the  two  independent  correlation  functions  for  Fermionic  creation 
operators  G^(l,2)  =  <  a(l)a+(2)  >  and  G"^(l,2)  =  <  a'^(2)a(l)  >,  where 
cumulative  variables  means  time,  space,  spin,  etc  l  =  s....  The  time  diagonal 
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part  of  yields  the  reduced  density  matrix  or  Wigner  distribution  function 
according  to  p{xi^X2,t)  =  ^^or  the  latter  one  the  time  diagonal 

Kadanoff  and  Baym  equation  of  motion  reads  [45] 

i[GQ^,G"^]{xi,X2yt,t)  =  i[GQ^,p]{xi,X2yt) 
t 

j  dt'  J  dx'  [G^ {xi,  x' {x' ^  X2,t\t)  +  T,^{xi,x' ^t^t')G^{x\x2,t\t) 

to 

(2.5)  -G^{xi^x\t^t')T,^{x\x2,t' ,t)  -  I!,^{xi,x\t^t^)G^ {x\x2,t' ,t)] 

where  the  Hartree-Fock  drift  term  has  the  form  Gg  ^(1,  1')  -  0  Jr  ~ 

F)  —  S//p(l,l')  and  are  the  analytic  pieces  {ti  <,>  ^2)  of 

the  selfenergy  which  is  given  by  the  two  -  particle  Greenfunction 
E(l,2)  =  /  d3V'(l5  3)G2(l,3, 2,3'^).  The  right  hand  side  of  (2.5)  contains  a  non- 
Markovian  collision  integral  and  can  be  considered  as  a  precursor  of  Levinson 
equation  (1.2). 

We  want  to  construct  a  kinetic  equation  for  a  quasiparticle  distribution  / 
from  this  gradient  expanded  equation  for  the  Wigner  function  p.  The  quasi¬ 
particle  distribution  should  obey  a  kinetic  equation  which  is  rid  of  the  off-shell 
terms  causing  high  energy  tails.  Using  gradient  approximation  we  obtain  a  ki¬ 
netic  equation  of  the  structure  (2.1).  We  expect  that  the  time  derivative  of  the 
Wigner  function  on  the  left  side  of  (2.5)  should  combine  with  the  time  derivative 
of  the  off-shell  part  of  right  hand  side  into  a  time  derivative  of  a  quasiparticle 
distribution  /.  We  indeed  obtain 

(2.6)  P^zf-  - — ; - cr<(w). 

The  wave  function  renormalization  has  been  abbreviated  as  z  =  (1  —  dujcr)~^  ^ 
1  +  d(ja.  Using  the  spectral  decomposition 

(2.7)  = y 

with  the  imaginary  part  7  =  cr^  +  one  easily  confirms  this  rearrangement. 
The  denotes  the  derivative  of  the  principal  value.  We  have  fulfilled  the  task 
and  give  with  (2.6)  a  connection  between  reduced  density  matrix  p  and  the 
quasiparticle  distribution  /.  We  extrapolate  the  ansatz  also  for  the  correlation 
functions 

(2.8)  ff“^(w)  =  27r2:5(w -e)  (^  ^  ■^)  - -j^a<(cx;). 

The  spectral  identity  a  —  proofs  that  this  ansatz  is  consistent  with  the 

extended  quasiparticle  picture  which  is  obtained  for  small  imaginary  parts  of  the 
self-energy  7  [42,  39,  34] 

_  27r(5(u;  -  e(pRt))  ^  P 

1  ^  )  du)(jj  —  e{pRt) 


(2.9)  a{pujRt) 
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where  V  denotes  the  principal  value.  The  quasiparticle  energies  €{pRT)  are  a 

2 

solution  of  the  dispersion  relation  a;  —  —  cr{puRT)  =  0. 

It  is  noteworthy  to  remark  that  (2.9)  fulfills  the  spectral  sum  rules  [46] 

(2.10)  l^a{pu;RT)  =  1 

and  the  energy  weighted  sum  rule  [7] 

(2.11)  j  ^waipwRT)  =  |_  +  Shf(p,-R,T). 

The  limit  of  small  scattering  rates  has  been  first  introduced  by  [47]  and  for 
equilibrium  nonideal  plasmas  [42,  46].  Later  on  the  same  approximation,  but 
under  the  name  of  the  generalized  Beth-Uhlenbeck  approach,  has  been  used  by 
[43]  in  the  nuclear  matter  for  studies  of  the  correlated  density.  The  authors 
in  [48]  have  used  this  approximation  for  the  study  of  the  mean  removal  energy 
and  high-momenta  tails  of  Wigner’s  distribution.  They  use  the  name  extended 
quasiparticle  approximation.  The  non-equilibrium  form  has  been  introduced  by 
[34]  as  a  modified  Kadanoff  and  Baym  ansatz. 

Using  this  ansatz  in  the  Kadanoff-Baym  equations  (2.5)  the  known  Landau- 
Silin  equation  for  the  quasiparticle  distribution  /  follows 

(2.12)  -^f  +  VieVft/  -  VneVkf  =  z{{l-  f)a<  -  fa>) . 

We  repeat  that  the  Landau-Silin  equation  (2.12)  is  coupled  with  a  functional 
that  specifies  a  relation  between  the  quasiparticle  distribution  /  and  Wigner’s 
function  p  via  (2.6).  Using  different  approximations  for  the  self  energy  we  ob¬ 
tain  all  known  kinds  of  kinetic  equations  with  the  generalization  that  the  in¬ 
ternal  gradients  of  collision  integrals  will  yield  the  nonlocal  or  virial  corrections. 
With  the  ladder  summation  results  one  obtains  the  nonlocal  Boltzmann-Uehling- 
Uhlenbeck  equation  [7],  using  the  random  phase  approximation  leads  to  the 
nonlocal  Lenard-  Balescu  equation,  etc.  As  we  see,  this  ansatz  provides  the  cor¬ 
rect  connection  between  equations  for  the  Wigner  function  and  the  quasiparticle 
Boltzmann  equation  (2.12).  It  has  to  be  remarked  that  the  theory  presented 
here  is  valid  up  to  first  order  gradient  corrections.  This  implies  that  we  will  find 
from  intrinsic  gradients  in  the  scattering  integrals  the  virial  corrections  [7], 


2.3.  Nonlocal  Boltzmann  equation 

The  kinetic  equation  in  its  skeleton  form  (2.12)  holds  for  rather  general  systems. 
To  obtain  its  actual  form,  one  has  to  evaluate  its  ingredients,  the  scattering 
integral  and  the  quasiparticle  energy.  Within  the  same  accuracy  one  has  to 
evaluate  the  p[/]-functional.  In  both  cases  it  means  to  turn  the  self-energy 
into  a  functional  of  the  quasiparticle  distribution  /,  In  this  section  we  focus  on 
the  scattering  integral.  Our  aim  is  to  derive  the  scattering  integral  within  the 
same  approximations  as  the  skeleton  kinetic  equation.  This  procedure  leads  to 
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the  non-instant  and  non-local  scattering  integral.  We  choose  as  an  approximation 
for  the  self  energy  the  ladder  or  T-matrix  approximation  appropriate  for  dense 
interacting  systems  of  short  range  potentials 

(2.13)  S<(1,2)  =  r^(l,3;5,6)r^(7,8;2,4)G>(4,3)G<(5,7)G<(6,8). 

The  consistent  treatment  of  gradient  contributions  is  provided  by  the  ex¬ 
tended  quasiclassical  limit  that  has  to  be  applied  also  to  all  internal  space  and 
time  integrations  of  the  scattering  integral.  Clearly,  we  have  to  take  into  account 
that  the  terms  on  the  scattering  side  of  the  kinetic  equation  can  have  and  do  have 
gradient  contributions  resulting  from  the  internal  dynamics  of  the  collision  pro¬ 
cess.  These  gradient  contributions  will  lead  to  quantum  mechanical  non-instant 
and  non-local  corrections  to  the  scattering  integral  which  allow  for  a  classical 
interpretation. 

The  quasiclassical  limit  and  the  limit  of  small  scattering  rates  explicitly  de¬ 
termine  how  to  evaluate  the  scattering  integral  from  the  self-energy  For 
non-degenerate  systems,  very  similar  scheme  was  carried  through  by  Barwinkel 
[4].  One  can  see  in  B^winkel’s  papers,  that  the  scattering  integral  is  troubled 
by  a  large  set  of  gradient  corrections.  This  formal  complexity  seems  to  be  the 
main  reason  why  most  authors  either  neglect  gradient  corrections  at  all  [49,  50] 
or  provide  them  buried  in  multi-dimensional  integrals  [19,  51]. 

For  a  degenerate  system,  the  set  of  gradient  corrections  to  the  scattering 
integral  is  even  larger  than  for  rare  gases  studied  by  Barwinkel,  see  [7].  To  avoid 
manipulations  with  long  and  obscure  formulas,  the  gradient  corrections  have  to 
be  sorted  and  expressed  in  a  comprehensive  form.  As  we  will  see  below,  such  a 
comprehensive  form  are  Enskog-type  non-instant  and  non-local  corrections.  The 
known  physical  interpretation  of  Enskog’s  corrections  also  provides  a  guide  in 
reading  formulas  resulting  from  the  algebra  of  quasiclassical  limit. 

The  quasiclassical  limit  of  with  all  linear  gradients  kept  is  a  tedious  but 
straightforward  algebraic  exercise.  It  results  in  one  non  gradient  and  nineteen 
gradient  terms  that  are  analogous  to  those  found  within  the  chemical  physics 
[20,  23].  All  these  terms  can  be  recollected  into  a  nonlocal  and  noninstantaneous 
scattering  integral  that  has  an  intuitively  appealing  structure  of  a  nonlocal  Boltz¬ 
mann  equation  (1) 


dfi  aei  ^  _ 

dt  dk  dr  dr  dk 

(2.14)  •  Tab 


?/ 


^5  (ei  -f  £2  -  6^3  -  +  2/S.e)  ZiZ2Z2>Z/i 


Ak  A.K  .  .  At 

£i+e2-AE,k-—,p-—,q,r-Ar,t~Y 


with  Enskog-type  shifts  of  arguments  [7]:  /i  =  /a(fc,r,t),  /2  =  /fc(p,r- A2,t), 
h  =  fa{k-q-AK,  r-Aa,  t-At),  and  r-A4,  t-At).  In  agreement 

with  [23,  20],  all  gradient  corrections  result  proportional  to  derivatives  of  the 
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scattering  phase  shift  =  Im 


^  _fd<f>  d4>  d4>\ 


dk 


e3+e4 


\dk  ^ 


dn 


(2.15) 


£3+2^4 


®  2  61 


£3+64 


“  26r 


£3+^4 


and  A,.  —  \{A2  +  A3  +  A4).  After  derivatives,  A’s  are  evaluated  at  the 
shell  0  — ¥  £3  -f-  £4. 


energy 


The  A’s  in  arguments  of  distribution  functions  in  (2.14)  remind  non-instant 
and  non-local  corrections  in  the  scattering-in  integral  for  classical  particles.  The 
displacements  of  the  asymptotic  states  are  given  by  A2j3^4.  The  time  delay  enters 
in  an  equal  way  the  asymptotic  states  3  and  4.  The  momentum  gain  A/f  also 
appears  only  in  states  3  and  4.  Finally,  there  is  the  energy  gain  which  is  discussed 
in  [52].  Numerical  values  of  these  shifts  calculated  for  different  potentials  are 
presented  in  [53]. 

One  has  to  take  into  account  that  £2  depends  on  A2  which  depends  on  the 
energy  E.  This  £^-dependence  has  resulted  in  a  norm  of  the  singularity 


(2.16) 


1-^ 


1  + 


de2 

dE 


=  1 


de^  5A2 
dr  dE 


=  1 


de2  dA2 

dr  du 


In  A’s  and  their  derivatives  the  energy  w  -t-  S'  =  £1  -f  £2  is  substituted  after  all 
derivatives  are  taken.  We  remind  that  the  non-localities  should  be  viewed  as  a 
compact  form  of  gradient  corrections. 

Despite  its  complicated  form  it  is  possible  to  solve  this  kinetic  equation  with 
standard  Boltzmann  numerical  codes  and  to  implement  the  shifts  [54].  This  has 
shown  an  observable  effect  in  the  dynamical  particle  spectra  of  around  10%. 


3,  Thermodynamic  properties 

The  meaning  of  nonlocal  shifts  can  be  best  seen  on  thermodynamic  observables 
like  density  Ua  of  particles  a,  density  of  energy  £,  and  the  stress  tensor  Jij 
which  conserve  within  the  nonlocal  and  noninstantaneous  kinetic  equation  (2.14). 
Integrating  (2.14)  over  momentum  k  with  factors  £1,  k  and  unity  one  finds  [7] 
that  each  observable  has  the  standard  quasiparticle  part  following  from  the  drift 

“  '  '  a,b  ^  ^ 

'T.f  =  (*»a^  + Vi) /i 
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and  the  A-contribution  following  from  the  scattering  integral 


0,6  '' 


(3.2)  An,  = 


dkdpdq  ^ ^ 


where  P  =  |7;i,p27r(!i(ei+£2-e3-e4)/i/2(l-/3-/4)- 

The  density  of  energy  £  =  f  +  Af^  alternatively  results  from  Kadanoff 

and  Baym  formula,  S  =  Ea  f  J0js  I  G<{uj,k,r,t),  with  G<  in 

the  extended  quasiparticle  approximation  (2.8).  Its  complicated  form,  however, 
shows  that  £  cannot  be  easily  inferred  from  an  eventual  experimental  fit  of 
the  kinetic  equation  as  it  has  been  attempted  in  [55].  The  conservation  of  £ 
generalizes  the  result  of  Bornath,  Kremp,  Kraeft  and  Schlanges  [6]  restricted  to 
non-degenerated  systems.  The  particle  density  Ua  =  +  An^  is  also  obtained 

from  (2.6)  via  the  definition,  Ua  =  J  This  confirms  that  the  extended 

quasiparticle  approximation  is  thermodynamically  consistent  with  the  nonlocal 
and  noninstantaneous  corrections  to  the  scattering  integral. 

For  equilibrium  distributions,  formulas  (3.1)  and  (3.2)  provide  equations 
of  state.  Two  known  cases  are  worth  to  compare.  First,  the  particle  density 
'^a  —  +  Ana  is  identical  to  the  quantum  Beth-Uhlenbeck  equation  of  state 

[43,  33,  6],  where  n^P  is  called  the  free  density  and  Ana  the  correlated  density. 
Second,  the  virial  correction  to  the  stress  tensor  has  a  form  of  the  collision  flux 
contribution  known  in  the  theory  of  moderately  dense  gases  [1,  2]. 


4.  Summary 


While  the  short  time  behavior  is  described  by  off-shell  transport  condensed  in 
the  reduced  density  matrix,  the  later  stage  of  evolution  is  described  by  a  nonlocal 
Boltzmann  equation.  This  equation  is  derived  in  the  quasiclassical  limit  and  leads 
to  consistent  thermodynamics  in  equilibrium  including  binary  correlations.  The 
latter  ones  represent  the  second  virial  coefficients  in  the  low  density  limit.  The 
presented  kinetic  equation  unifies  achievements  of  dense  gases  and  the  kinetic 
theory  of  quasiparticle  transport  in  quantum  systems.  The  equation  has  been 
shown  applicable  in  recent  simulation  codes. 
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Coherent  optics  can  serve  as  a  powerful  tool  for  particle  density  determination  in  plasma  diag¬ 
nostics.  The  paper  reports  on  different  techniques  based  on  holographic  and  speckle  interferom¬ 
etry  with  special  emphasis  of  spatial  resolution.  While  emission  spectroscopy  must  undoubtedly 
be  considered  as  the  most  commonly  used  and  proven  method  for  particle-selective  diagnostics, 
interferometry  shows  its  advantages  in  case  of  plasmas  of  significant  optical  thickness,  when 
spatially  resolved  intensity  measurements  become  less  reliable.  The  article  also  deals  with  the 
permanently  growing  field  of  nonlinear  optics  with  respect  to  plasma  diagnostics  and  gives 
related  examples. 


1.  Introduction 

The  investigation  of  plasmas  by  optical  diagnostics  can  be  performed  using  dif¬ 
ferent  techniques  among  which  emission  spectroscopy  is  still  the  most  commonly 
used  and  important  one.  This  method  shows  a  large  range  of  sensitivity  and 
is  best  suited  for  investigations  of  plasmas  with  rather  low  density.  Problems 
may  arise  if  optical  thickness  reaches  significant  values.  Since  classical  emission 
spectroscopy  provides  integral  values  of  the  local  emission  coefficients  along  the 
line  of  sight,  the  method  may  lose  reliability  in  case  of  a  required  spatial  resolu¬ 
tion,  the  more  optical  thickness  increases.  Especially  tomographic  investigations 
of  inhomogeneous  and  asymmetric  plasmas,  which  are  based  on  multidirectional 
observation,  need  correct  input  data  from  the  different  projections.  As  algo¬ 
rithms  for  the  reconstruction  of  the  local  plasma  parameters  react  very  sensitive 
on  errors,  the  quality  of  the  results  would  be  rather  poor.  A  powerful  tool  to 
overcome  this  principal  problem  is  the  measurement  of  the  refractivity  of  the 
plasma  instead  of  spectral  line  intensities.  Optical  thickness  does  not  affect  it, 
as  long  as  the  plasma  under  investigation  has  a  minimum  transparence  necessary 
for  fringe  recording.  Typically  in  interferometry  two  lightwaves  corresponding 
with  two  states  of  a  plasma  are  compared.  The  related  types  of  interferomet¬ 
ric  measurements  can  be  classified  according  to  the  way  how  this  comparison 
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is  experimentally  performed.  If  a  so-called  test  and  reference  beam  is  realized 
simultaneously  and  spatially  separated,  one  speaks  of  classical  interferometry. 
New  diagnostical  possibilities  arose  with  the  invention  of  holographic  recording 
and  wavefront  reconstruction.  Thus,  after  recording  a  first  plasma  state,  the 
second  one  maybe  recorded  at  any  favourable  time  and,  moreover,  both  of  them 
be  reconstructed  at  another  convenient  time.  It  is  obvious  that  this  technique 
strongly  enlarges  the  experimental  possibilities.  A  completely  different  way,  but 
also  one  which  is  able  to  compare  plasma  states  consecutively,  is  based  on  the 
granulation  effect  of  highly  coherent  light,  the  speckle  effect.  If  laser  light  is 
incident  onto  a  rough  and  diffusively  reflecting  surface,  the  reflected  and  incom¬ 
ing  waves  interfere,  thus  storing  information  about  the  surface’s  micro-profile. 
But,  instead  of  focusing  the  interest  to  the  properties  of  the  surface,  one  inserts 
the  plasma  into  the  beam  illuminating  the  surface.  According  to  the  plasma’s 
refractivity  it  will  change  the  phase  relations  of  the  interfering  beams,  resulting 
in  a  modified  speckle  pattern.  However,  instead  of  a  direct  fringe  observation, 
characteristic  speckle  patterns  of  different  states  have  to  be  treated  here  using 
image  processing  algorithms,  finally  yielding  an  interference  pattern  similar  to 
classical  or  holographic  interferometry.  In  spite  of  an  acceptable  inherent  loss 
of  resolution  this  method  avoids  any  photographic  technique  with  complicated 
and  time  consuming  wet  image  processing  like  in  holography,  provided  digital 
speckle  interferometry  is  applied.  The  latter  technique  comes  merely  along  with 
a  suitable  CCD-camera,  a  personal  computer  with  a  frame  grabber  and  stan¬ 
dard  optical  equipment.  Plasma  diagnostics  using  coherent  optics  can  also  be 
performed  utilizing  non-linear  optical  effects.  It  must  be  distinguished,  whether 
the  non-linearity  happens  in  an  optical  element  of  the  experimental  arrangement 
or  if  it  is  really  induced  into  the  investigated  medium  itself.  Regarding  the  first 
type,  this  paper  will  report  on  two- wavelength  electron  density  determination 
performed  by  a  direct  optical  superposition  of  the  original  testing  wave  and  its 
frequency  doubled  one,  which  were  faced  to  different  refractivities  of  the  medium 
due  to  dispersion.  If  the  applied  laser  light  exceeds  a  certain  intensity,  the  po¬ 
larisation  of  the  plasma  is  not  only  a  linear  function  of  the  involved  electrical 
field  of  the  highly  frequent  incident  light  wave.  Actually  it  depends  on  higher 
powers  of  the  electric  field,  too.  This  non-linear  polarisation  gives  rise  to  a  com¬ 
pletely  new  class  of  optical  effects,  resulting  in  new  experimental  possibilities. 
By  proper  mixing  of  intense  light  waves  in  a  medium  even  a  phase  conjugate 
signal  can  be  extracted  out  of  the  interaction  zone.  Here,  the  superposition  of 
light  waves  in  the  medium  has  some  similarity  with  a  hologram,  although  it 
acts  as  a  transient  one.  The  application,  however,  should  be  rather  considered 
as  non-linear  spectroscopy  with  ultrahigh  spectral  resolution.  This  paper  will 
present  and  discuss  experiments  according  to  the  above  mentioned  methods  of 
plasma  diagnostics  by  coherent  optics  with  respect  to  particle  density  determi¬ 
nation.  Advantages,  disadvantages  and  complications  will  be  considered  in  order 
to  provide  an  impression  of  the  capabilities  of  coherent  optics  in  plasma  research. 
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2.  General  aspects  of  interferometric  plasma  diagnostics 
2.1.  Refractivity  of  a  plasma 

Interferometric  measurements  of  a  plasma  reveal  the  phase  change  of  the  wave- 
fronts  which  passed  the  plasma  due  to  its  refractivity.  Provided  the  illumination 
of  the  interferometer  is  not  too  intense,  the  refractivity  of  a  plasma  is  a  linear 
relationship  of  contributions  from  atoms  a,  ions  i  and  electrons  e.  The  total 
refractivity  (n  —  l)piasma  of  a  one-component  plasma,  i.e.,  with  only  the  first 
ionisation  stage  being  reached,  can  be  written  as 


(2.1) 


{n  -  l)piasma  =  {n  -  l)a  +  (n  -  l)j  +  (n  -  1), 


“  2£o  ?  +  2eo  5  87r2eomec2^"^^ 


The  sums  over  the  polarisabilities  aa,m(A)  and  account  for  the  con¬ 

tributions  of  optical  transitions  of  the  atoms  and  ions  at  certain  wavelengths  (A). 
Na^rn  ^nd  Ni^rn  denote  the  number  densities  in  the  lower  state  of  the  transition 
involved  of  the  atoms  or  ions,  Ne  is  the  electron  density,  e  the  elementary  charge, 
eq  the  electrical  field  constant,  the  mass  of  the  electron  and  c  the  velocity  of 
light  in  vacuum. 

A  separation  of  the  different  refractivity  contributions  in  order  to  evaluate 
the  corresponding  particle  densities  is  mainly  prepared  by  choosing  proper  wave¬ 
lengths.  In  resonance  interferometry  (carried  out  by  means  of  high  resolution 
laser  spectroscopy)  and  dispersion  interferometry  (performed  by  using  hook  and 
phase  methods  with  classical  interferometers  and  broad-band  illumination)  wave¬ 
lengths  close  to  or  in  the  vicinity  of  strong  optical  transitions  are  used  where  the 
refractive  index  changes  very  strongly.  Electron  density  measurements  must  be 
carried  out  at  wavelengths  far  away  from  atomic  resonances  (’’far-off  resonance” 
interferometry)  and  should  be  performed  as  far  in  the  infrared  as  possible  because 
of  the  quadratic  dependence  of  (n  —  l)e  on  A  (see  eq.  2.2). 


2.2.  Spatially  resolved  diagnostics 

By  interferometric  measurements  a  local  value  of  the  refractive  index  can  directly 
be  obtained  only  in  case  of  a  longitudinally  homogeneous  plasma  layer,  since  in 
this  case  the  optical  path  integral  across  the  objects  extension  in  the  expression 
for  the  phase  (j)  of  the  lightwave  experimentally  determined  is  simply  the  product 
(n-no)/, 


(2.2) 


^  ^  “  no)dz  =  ^(n  —  no)/  =  An/ 

A  Jobj.  A 


Inhomogeneous  plasmas  may  also  be  analysed  using  a  single  direction  of 
observation  (’’projection”),  provided  radial  symmetry  of  the  side-on  observed 
plasma  column  may  be  assumed.  In  this  case  the  local  change  of  the  refractive 
index  can  be  calculated  by  an  adequate  ABEL-inversion  as  a  function  of  the 
radius  (for  explanation  of  symbols  see  Fig.  1,  left  part). 
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FIG.  1.  Explanation  of  symbols  for  Ab el-inversion  (left)  and  tomographic  reconstruction 

(right). 


(2.3) 


An(r)  = 


A  r^d^jy)  dy 
27r^  Jr  dy  —  7-2 


Because  of  the  sensitivity  of  the  method  due  to  the  differential  <j){y)ldy  in 
eq.  2.3  the  quality  of  the  results  strongly  depends  on  the  numerical  treatment 
of  the  side-on  data.  A  new  approach  prevents  this  problem  by  a  special  Fourier 
series  expansion  (see  [1]). 

However,  the  decision  if  radial  symmetry  is  given  or  not  is  often  a  question  of 
acceptable  error  limits.  A  great  many  of  technically  relevant  plasmas  of  higher 
pressure  are  inhomogeneous  and  more  or  less  asymmetric.  Any  quantitative 
analysis  of  the  related  plasma  processes  e.g.  for  optimization  of  the  discharge’s 
feature  leads  to  the  need  of  a  tomographic  optical  setup  in  principle.  In  this  case 
the  asymmetric  object  has  to  be  illuminated  from  different  directions,  the  phase 
change  produced  by  the  plasma  is  separately  evaluated  for  each  projection  (see 
e.g.  [2,  3,  4,  5,  6,  7]).  The  change  of  the  refractive  index  An  is  now  position 
dependent  as  well  as  angularly  dependent, 


(2.4)  An(r,  ip)  =  [n(r,  p)  -  no] , 

the  phase  for  a  given  projection  direction  6  then  reads 


O'jr  f 

(2.5)  6)  =  —  An{r,  ip)ds  +  E{p,  6), 

A  Jobj. 

{E{p^6)  accounts  for  measurement  errors).  In  case  of  exactly  known  projection 
data  {E{p^6)  =  0)  and  straight  lines  of  integration  eq.  2.5  may  be  considered  as 
the  RADON-transformation  [8],  the  inversion  of  which  is 


27r^  ,  ,  1  r 


1  d4>{p,0) 

rcos{e-ip)-p  dp 


1 


(2.6) 
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A  frequently  used  method  (especially  for  medical  purposes),  based  on  eq. 
2.6,  is  called  filtered  back  projection  or  convolution  method.  It  interpretes  eq. 
2.6  as  a  differentiation,  a  subsequent  Hilbert  transformation  and  finally  a  back 
projection  (for  details  see  [9]).  Since  this  method  requires  rather  high  numbers 
of  projections,  the  algebraic  reconstruction  technique  (ART)  is  a  more  conve¬ 
nient  iterative  reconstruction  algorithm  that  works  with  even  smaller  numbers 
of  available  projections  as  they  are  usually  sufficient  in  optical  plasma  diagnostics 
because  of  lower  density  gradients  there  compared  to  medical  applications.  In 
this  case,  however,  the  field  reconstructed  by  the  convolution  method  frequently 
serves  as  first  approximation  (see  also  [9]). 


2.3.  Evaluation  of  interferograms 

Sophisticated  reconstruction  procedures  strongly  depend  on  the  availability  of 
highly  resolved  spatial  phase  profiles.  Therefore,  in  general  a  fringe  evaluation 
based  on  FFT-algorithms  is  the  standard  method.  If  smaller  numbers  of  fringes 
or  even  not  one  complete  single  fringe  is  caused  by  the  object’s  refr activity,  spatial 
optical  heterodyning  or  phase  stepping  methods  together  with  Fourier-analysis 
allow  subfringe  analysis,  increase  the  accuracy  and  prevent  the  ambiguity  in  the 
sign  of  the  density  change.  In  those  cases  the  ’’infinite  width  fringes”  originating 
from  the  plasma  itself  are  superposed  by  a  fringe  system  of  equidistant  sepa¬ 
ration,  a  so-called  spatial  carrier  frequency,  resulting  in  a  ’finite  width  fringe 
system’.  The  intensity  scans  are  Fourier  transformed,  the  transform  showing 
an  intensity  peak  at  the  frequency  of  the  carrier,  -  however,  broadened  by  the 
modulation  of  the  phase  change  of  the  object  under  investigation.  By  proper 
filtering  techniques  and  back  transformation  one  gets  rid  of  low-frequent  back¬ 
ground  contributions  to  the  intensity  as  well  as  of  high-  frequent  noise.  Thus, 
highly  resolved  spatial  phase  profiles  -  according  to  the  refractivity  of  the  plasma 
-  can  be  obtained  instead  of  only  a  few  points  of  measurement  in  case  of  a  mere 
fringe  peak  detection  technique  (for  details  see  [10,  11]). 


3.  Examples  for  plasma  diagnostics  by  linear  coherent  optics 

Within  this  section  two  experimental  approaches  for  particle  density  determina¬ 
tion  are  presented.  The  first  one  is  an  investigation  of  an  asymmetric  discharge 
by  a  multidirectional  and  multicolor  arrangement  utilizing  a  holographic  opti¬ 
cal  element  as  a  central  tool  for  the  recording  of  the  wavefronts,  simultaneously 
acting  as  coupling  device  for  the  different  projections,  wheras  the  fringe  analy¬ 
sis  is  performed  through  wavefront  shearing  interferometry.  The  second  example 
demonstrates  a  two- wavelength  end-on  arrangement  using  digital  speckle-pattern 
interferometry  for  the  determination  of  the  electron  density  in  a  wall-stabilized 
arc. 


3.1.  Interferometric  single  shot  tomography 

Beneath  a  spatial  resolution  the  investigation  of  many  discharges  requires  pulsed 
diagnostics  because  of  their  transient  character.  Furthermore  a  single  wavelength 
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of  laser  light  will  hardly  be  sufficient,  since  the  different  refractive  index  contri¬ 
butions  to  the  total  refractivity  may  only  be  separable  if  several  wavelengths  are 
applied  simultaneously.  A  principal  solution  that  meets  the  above  mentioned 
requirements  has  been  demonstrated  in  [6,  7].  It  combines  holographic  and  clas¬ 
sical  interferometric  techniques. 

Firstly,  through  mirror  galleries  a  multidirectional  observation  of  the  inhomo¬ 
geneous  object  is  realised  (Fig.  2).  The  recording  of  the  plasma  states,  however, 
is  performed  holographically.  The  special  feature  of  the  method  is  given  by  the 
multiple  function  of  the  hologram.  The  wavefronts  which  passed  the  plasma 
under  different  directions  are  led  to  the  holographic  plate  as  a  system  of  ob¬ 
ject  beams,  however,  vertically  separated  by  a  slight  tilt  of  the  corresponding 
elements  of  the  mirror  gallery.  This  system  of  stripes  of  object  beams  is  coher¬ 
ently  superposed  by  a  single  common  reference  beam  of  circular  geometry  with 
sufficient  diameter  (not  explicitely  shown  in  Fig.  2). 


LS,  LS, 


FIG.  2.  Experimental  setup  for  single-shot  tomography.  LS  laser,  BS  beam  splitter, 

BE  beam  expander,  CL  cylindrical  lens,  MG  mirror  gallery,  O  asymmetric,  non  stationary, 
brightly  radiating  object  under  investigation,  HOE  holographic-optical  coupling  element, 

D  diaphragm,  S  screen,  DI  differential  interferometer,  C  CCD  camera.  The  components 
labelled  with  subscript  2  and  the  dashed  light  paths  are  used  only  when  simultaneous 
measurements  with  a  second  wavelength  of  light  are  performed. 


Thus,  the  hologram  acts  as  a  holographic  optical  element  (HOE)  with  the 
following  properties:  (a)  It  stores  the  wavefronts  after  propagation  through  the 
plasma  for  each  observation  direction  in  horizontal  stripes,  which  are  vertically 
separated  (’’coupling  element”  of  projections),  (b)  it  has  characteristic  imaging 
properties  for  the  reconstruction  process  realised  by  choosing  a  convergent  ge¬ 
ometry  of  the  reference  beam  during  the  recording,  and  (d)  it  strongly  reduces 
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the  unwanted  radiation  of  the  plasma,  since  for  the  observation  of  the  fringes 
the  reference  beam  is  chosen  rather  than  the  object  beam.  The  HOE  can  be 
assumed  as  a  grating  in  this  mode  of  operation,  thus  the  radiation  is  spectrally 
decomposed,  only  radiation  of  the  same  wavelength  as  that  of  the  probing  laser 
light  can  propagate  through  the  spatial  filter  (compare  also  [12])  separating  the 
recording  zone  (lefthand  side  of  diaphragm  D  in  Fig.  2)  from  the  evaluation  zone 
(righthand  side  of  Fig,  2).  The  procedure  also  allows  more  than  one  wavelength 
to  be  recorded  simultaneously  (e.g.  for  two  wavelengths  two  holographic  optical 
elements  HOEi  and  HOE2  may  be  used  as  drawn  in  Fig.  2). 

The  next  step  after  processing  the  HOE  is  the  analysis  of  the  holographically 
stored  wavefronts.  This  task  is  solved  by  using  a  differential  interferometer. 
Instead  of  placing  the  object  under  investigation  within  the  arms  of  the  inter¬ 
ferometer,  one  compares  the  wavefronts  ’distorted’  by  the  plasma  by  shifting 
them  relatively  to  each  other,  thus  obtaining  a  measure  for  the  gradient  of  the 
refractive  index  (see  also  [4]).  Therefore  this  type  of  interferometer  can  be  con¬ 
structed  in  a  very  compact  way  and  is  easy  to  adjust.  Fig.  2  shows  a  solution  if 
two  wavelengths  have  to  be  used  simultaneously. 


3.2.  Plasma  diagnostics  by  digital  speckle  pattern  interferometry 

The  speckle  effect  can  be  observed  if  a  coherent  light  source  illuminates  a  rough 
and  diffusely  reflecting  surface  (see  Fig.  3).  Reflected  and  incident  beams  su¬ 
perpose  coherently,  the  field  of  observation  occurs  ’’speckled”.  Obviously,  this 
effect  is  correlated  with  the  micro-structure  of  the  surface.  An  insertion  of  a 
transparent  object  with  different  index  of  refraction  like  a  plasma  causes  phase 
shifts  in  the  superposing  beams,  thus  changing  the  intensity  of  the  speckles. 

X 

— <  i— 


INCIDENT 

WAVEFRONTS 


(A)  (B) 

FIG.  3.  The  speckle  effect  as  a  superposition  of  incident  and  reflected  coherent  light  beams 
(A)  and  its  principal  use  for  the  investigation  of  plasmas  (B). 

Digital  speckle  pattern  interferometry  (DSPI)  is  given,  if  two  rough  surfaces 
are  illuminated,  which  act  similar  as  the  mirrors  of  a  classical  interferometer, 
and  if  their  patterns  are  superposed  by  a  beamsplitter  and  are  recorded  by  a 
CCD  camera.  One  of  the  beams  penetrates  through  the  plasma  and  at  least  two 
records  have  to  be  made  according  to  two  plasma  states  (frequently  the  reference 
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state  is  simply  a  missing  plasma). 

An  interference  pattern  similar  to  a  classical  one  can  be  obtained  if  the  two 
patterns  are  simply  subtracted.  However,  a  positive  or  negative  change  of  the 
density  of  the  plasma  would  cause  the  same  pattern,  therefore  the  effect  of  an 
external  and  known  phase  shift  has  to  be  checked  in  order  to  get  rid  of  the  before 
mentioned  ambiguity.  Related  techniques  refer  to  ’’phase  stepping  methods”.  In 
the  work  reported  here  this  phase  stepping  is  realized  through  a  piezo-controlled 
mirror  in  the  reference  beam  of  the  DSPI-arrangement  within  an  embedded 
auxiliary  interferometer. 

In  Fig.  4  a  sketch  of  a  two- wavelength  digital  speckle  pattern  interferometer 
is  presented  including  the  phase  stepping  device.  As  test  object  a  MINIarc  from 


FIG.  4.  End-on  electron  density  determination  using  two  wavelength  digital  speckle  pattern 
interferometry.  M  mirror,  L  lens,  LB  pinhole,  IF  interference  filter,  A  beam  expander, 

DO  diffusor,  SW  beam  splitter  cube,  VST  variable  beam  splitter,  ST  beam  splitter,  FG  frame 
grabber,  D  detector,  RF  reflection  filter,  LF  optical  fibre,  AD  analog/ digital  converter, 

MQ  piezo-controlled  phase-stepping  mirror. 

NIST  [13]  was  investigated  end-on,  which  usually  serves  as  a  radiation  standard 
for  the  uv  spectral  range.  The  beams  of  a  cw  argon- ion  laser  (458  nm)  and  a 
cw  Nd:YAG“laser  (1064  nm)  were  colinearly  led  end-on  through  the  MINIarc 
and  then  to  the  corresponding  diffusors  (DO)  located  in  the  two  actual  speckle 
pattern  interferometers  (’’object  beams”).  The  reference  beams  for  the  two  wave¬ 
lengths  were  picked  up  before  the  laser  beams  reached  the  MINIarc  using  variable 
beam  splitters  VST  and  a  reflection  filter  RF  for  separation  of  wavelengths. 

The  optical  paths  of  both  reference  beams  include  the  same  piezo-controlled 
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mirror  MQ  as  element  in  an  auxilliary  interferometer  for  phase  stepping  purposes 
as  described  above.  Based  on  records  taken  with  and  without  operated  plasma 
and  those  from  necessary  phase  stepping  procedures  one  is  able  to  obtain  a  fringe 
pattern  by  applying  rather  simple  image  processing  techniques  (e.g,  subtraction 
of ’’object”  and  ’reference’  speckle  patterns)  and  rather  sophisticated  algorithms 
for  phase  evaluation.  For  results  and  further  details  refer  to  [14]. 


4.  Examples  for  plasma  diagnostics  by  non-linear  coherent  optics 

The  permanent  progress  in  non-linear  optics  enables  new  classes  of  plasma  diag¬ 
nostical  investigations.  The  basic  requirement  for  the  application  of  non-linear 
optics  is  a  pulse  laser  system  of  sufficient  intensity.  In  conventional  (linear)  op¬ 
tics  the  relation  between  polarisation  P  and  the  applied  electrical  field  strength 
E  of  the  light  wave  on  matter  is  given  by 

(4.1)  p{t)  = 

whereas  in  case  of  high  intensities  (e.g.  in  the  focus  of  a  high  power  laser)  this 
relation  must  be  formally  expanded  by  higher  order  terms  of  the  electrical  field 
strength 

(4.2)  =  + 

where  denotes  the  electrical  susceptibility  of  certain  order  (see  [15]). 

Well  known  are  the  processes  of  second  harmonic  and  third  harmonic  genera¬ 
tion  by  special  non-linear  crystals  (SHG  and  THG,  resp.),  as  they  are  frequently 
used  in  pulse  laser  systems.  Beneath  these  standard  tools  in  every  pulse  laser 
lab  one  can  also  use  wave  mixing  processes  in  order  to  investigate  the  plasma 
state  in  situ  with  extreme  spectral  and  spatial  resolution.  In  this  case  one  in¬ 
duces  a  non-linear  polarisation  into  the  plasma  itself.  Again,  two  examples 
are  presented:  The  first  one  demonstrates  a  kind  of  Fizeau-type  dispersion  in¬ 
terferometry  for  electron  density  determination  using  a  sequence  of  SHG- steps 
(”^(2)_processes”),  the  second  one  shows  how  plasma  diagnostics  in  the  outer 
regions  of  a  wall-stabilized  arc  can  be  performed  by  degenerate  four- wave  mix¬ 
ing  -process”),  in  order  to  detect  molecular  trace  species  such  as  nitrogen 
oxide  in  the  ultraviolet  spectral  range  at  about  226  nm. 

4.1.  Real  time  end-on  arc  diagnostics  by  dispersion  interferometry 

Using  the  mini-arc  [13]  of  the  former  experiment  as  test  object,  a  completely 
different  interferometric  method  of  arc  diagnostics  has  been  demonstrated  [16]. 
The  idea  is  based  on  non-linear  Fizeau  interferometry  [17,  18,  19,  20]  (see  Fig.  5). 
Two  laser  beams,  one  of  wavelength  A  and  the  other  one  of  wavelength  A/2 
produced  by  second  harmonic  generation  (SHG)  are  collinearly  penetrating  the 
axis  of  the  arc,  however,  each  of  the  wavefronts  is  differently  influenced  according 
to  the  corresponding  dispersion  of  the  refract ivity  (n  —  1)  there.  After  passing  the 
arc’s  column  longitudinally,  the  fundamental  wavelength  A  is  frequency  doubled 
and  superimposed  on  the  one  which  passed  the  column  already  with  A/2,  other 
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FIG.  5.  (a)  Principle  of  nonlinear  dispersion  interferometry.  SHGi,  SHG2  second  harmonic 
generating  crystals,  PL  plasma,  F  filter,  (b)  2A  electron  density  measurement  using  real-time 
dispersion  interferometry.  Nd:YAG  NdiYAG  laser,  SHGi  internal  second  harmonic  generating 
crystal,  M  plane  metallic  mirror,  SM  spherical  metallic  mirror,  A  diaphragm,  W  glass  wedge, 
Min  mini-arc  (end-on  observed  test  plasma),  SHG2  external  second  harmonic  generating 
crystal,  DM  plane  dielectric  mirror  for  532  nm,  L  lens.  Pi,  P2  polarizers,  Pr  glass  prism, 

CCD  camera,  FG  frame  grabber. 


beams  are  blocked  (see  Fig.  5(a)).  Thus,  the  recorded  interferogram  is  an 
optically  obtained  direct  measure  for  the  difference  of  the  refractivities  due  to 
the  discharge’s  dispersion. 

As  regards  the  usual  methods  one  has  to  evaluate  the  phase  changes  at  ev¬ 
ery  wavelength  from  the  interferograms  separately  and  to  obtain  the  difference 
numerically.  Since,  because  of  limited  availability  of  proper  laser  sources,  a  two 
wavelength  electron  density  measurement  frequently  suffers  from  only  small  dif¬ 
ferences  of  the  dispersion  of  the  refract ivity,  the  generally  error-prone  phases 
obtained  at  two  colours  might  produce  very  inaccurate  difference  values  and 
thus  electron  densities.  By  contrast,  this  new  method  provides  a  direct  optical 
approach,  the  obtained  interferogram  represents  the  difference  of  the  plasma’s 
dispersion  at  the  two  wavelenths  A  and  A/ 2. 

4.2.  Trace  element  detection  by  degenerate  four- wave  mixing 

Degenerate  four-wave  mixing  (DFWM)  utilizes  three  waves  of  equal  frequency 
that  interact  in  the  test  zone  of  the  plasma  (where  the  three  beams  are  focused 
together),  generating  a  fourth  beam  as  signal  beam.  The  wave-mixing  process 
used  in  DFWM  produces  a  coherent,  highly  collimated,  and  spectrally  bright 
signal  beam.  These  processes  are  in  contrast  to  those  of  linear  processes  such  as 
spontaneous  Raman  scattering  and  LIF  (laser  induced  fluorescence),  for  which 
the  signal  radiates  nearly  isotropically  in  space,  making  signal  collection  and 
background  discrimination  more  difficult.  Although  nonlinear  processes  are  gen¬ 
erally  considered  to  be  weak,  DFWM  is  a  complete  resonant  process  and  has 
very  high  sensitivity  for  detecting  trace  molecular  species  (compare  [21,  22]). 

Among  the  different  configurations  the  phase  conjugate  and  the  forward 
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boxcar  geometries  are  frequently  used.  The  generation  of  a  DFWM-signal  in 
the  phase  conjugate  geometry  (pc  geometry)  is  explained  by  Fig.  6  using  the 
"grating-picture”.  Considering  part  (b)  of  Fig.  6,  one  recognizes  a  superposition 
of  the  foreward  pump  beam  kf  and  the  probe  beam  kp  in  the  test  zone,  thus  pro¬ 
ducing  a  spatially  strongly  varying  electrical  field  (’’transient  grating”),  leading 
to  a  non-linear  interaction  with  the  plasma  there.  The  backward  pump  beam  fcj 
is  subject  to  diffraction  (similar  to  reflection  here)  upon  this  grating  (compare 
part  (c)  in  Fig.  6)  and  emerges  as  a  signal  beam  out  of  the  interaction  zone, 
exactly  opposite  the  incident  probe  beam  kp  (part  (a)  of  Fig.  6). 


Fig.  6.  The  principle  of  DFWM  in  phase  conjugate  geometry. 

As  already  mentioned,  the  signal  beam  is  not  isotrope,  but  rather  laser  beam¬ 
like.  Since  it  is  directed,  it  can  be  spatially  filtered  resulting  in  a  more  or  less 
background-free  signal.  The  most  exceptional  of  it  is,  however,  that  it  acts 
as  phase  conjugated  beam  with  respect  to  the  probe  beam  kp.  This  means 
in  particular  that  the  path  of  the  probe  beam  through  the  medium  and  its 
surroundings  is  taken  exactly  by  the  signal  beam  backwards.  This  may  improve 
r.he  diagnostic  situation  strongly,  if  schlieren  and  turbulences  are  given. 

The  object  under  investigation  was  a  wall-stabilized  argon  arc  with  impurities 
)f  nitrogen  oxide  (NO),  which  should  be  detected  at  the  arc  axis  at  positions 
dose  to  the  electrodes.  For  this  purpose  a  foreward  box  geometry  (see  Fig.  7) 
was  used  instead  of  the  pc  geometry.  In  Fig.  8  molecular  spectra  of  NO  are 
presented  for  transitions  in  the  vicinity  of  226  nm  showing  an  excellent  spectral 
resolution. 

An  excellent  DFWM-investigation  of  the  LTE  of  an  atmospheric  argon  arc 
plasma  was  reported  by  Musiol  et  al.  [23],  who  used  the  Arl  696.5  nm  line  to 
obtain  axial  and  radial  profiles  of  temperature  and  electron  density  . 

The  basic  requirement  for  a  successful  DFWM-measurement  is  an  exact  su¬ 
perposition  of  the  pump  and  probe  beams  within  the  test  volume.  Provided  this 
ca,n  be  done,  ppm-sensitivity  in  the  detection  of  trace  elements  can  be  achieved 
without  large  experimental  efforts  using  fast  photomultipliers  (for  nanosecond 
rise-time)  and  enhanced  CCD-cameras.  Moreover,  the  detected  DFWM-line 


388 


T.  Neger 


Fig.  7.  DFWM  with  forewaxd  boxcar  geometry  for  end-on  investigations  of  a  wall-stabilized 
arc.  Nd:YAG  neodymium- YAG  pulse  laser  (Spectra  Physics),  DL-midi  E  dye  laser  (Radiant 
Dyes),  BBO  SHG-crystal,  PD  photodiode,  M  mirror,  BS  beam  splitter,  A  aperture,  L  lens, 
PR  prism,  PMT  photo  multiplier  tube,  MON  monochromator,  SRS  245  box  car  averager. 


profiles  are  much  better  resolved  and  background-free  than  those  obtained  in 
LIF-experiments  because  of  the  cubic  dependence  of  the  relevant  nonlinear  po- 
larisability  from  the  electric  field  instead  of  a  linear  dependence  in  case  of  laser 
induced  fluorescence.  In  the  special  pc  geometry  these  signals  are  furthermore 
Doppler-free.  Thus,  it  is  no  question  how  to  detect  the  DFWM-signal  but  rather 
one  to  produce  it  succsefully. 


5.  Conclusions  and  outlook 

The  aim  of  this  review  about  preferably  own  contributions  to  plasma  diagnostics 
by  novel  techniques  of  coherent  optics  was  to  demonstrate  the  capability  of  in¬ 
terferometric  measurements  and  spatially  resolving  optical  arrangements  in  case 
of  inhomogeneous  and  partially  optically  thick  plasmas.  In  these  cases  particle 
density  determination  by  refractivity  measurements  shows  some  principal  advan¬ 
tages  over  pure  emission  spectroscopy,  although  the  former  ones  are  generally 
more  complicated  to  be  performed  experimentally.  The  possible  methods  range 
from  classical,  holographic  and  speckle  interferometry.  A  further  development 
may,  on  the  one  hand,  go  hand  in  hand  with  more  sophisticated  data  reduc¬ 
tion  systems  and  better  detectors.  On  the  other  hand  the  continuously  growing 
field  of  nonhnear  optics  offers  new  diagnostic  methods  with  outstanding  features, 
however,  so  far  the  interpretation  of  the  signals  turns  frequently  out  as  a  difficult 
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problem. 


FIG.  8.  Part  of  the  rotational  spectrum  of  the  NO  X-A  (0,0)  transition  detected  in  situ  on 
the  axis  (electrode  region)  of  a  wall-stabilized  argon  arc  at  226  nm. 
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Electrostatic  wave  packets  in  the  frequency  range  of  lower  hybrid  waves  have  been  detected 
by  the  instruments  on  the  Preja  satellite  and  earlier  also  by  instrumented  rocket  payloads. 
These  waves  are  often  associated  with  local  density  depletions,  indicating  that  the  structures 
can  be  interpreted  as  wave  filled  cavities  which  are  strongly  elongated  along  the  magnetic  field. 
Frequently,  the  observed  wave  packets  have  the  appearance  of  almost  textbook  illustrations  of 
envelope  solitons.  The  basic  features  of  the  observations  are  presented  and  discussed. 


1.  Introduction 

Localized  electrostatic  wave  packets  in  the  lower  hybrid  wave  frequency  region 
have  been  detected  by  instrumented  rockets  MARIE  as  reported  in  [1]  and  on 
TOPAZ  III  described  in  [2],  and  lately  by  measurements  from  the  Preja  satellite 
[3,  4,  5,  6,  7].  Instruments  on  board  the  Preja  satellite  [8]  measure  wave  bursts 
in  the  range  of  several  hundred  Hz  to  a  few  kHz.  Usually,  the  electric  field  is 
detected  in  two  bands;  the  //-band  is  obtained  with  a  sampling  rate  of  4  kHz, 
while  the  m/-band  is  sampled  by  16  kHz.  A  characteristic  feature  of  the  observed 
events  is  a  density  depletion  accompanied  by  an  enhancement  of  the  electric 
field  fluctuations,  giving  the  appearance  of  wave  filled  cavities  in  the  ionospheric 
plasma.  In  Pig.  1  we  show  an  isolated  event.  The  observations  often  have  the 
distinct  appearance  of  an  envelope  soliton.  The  observed  phenomena  seem  to  be 
very  persistent,  thousands  of  such  cavities  have  been  observed  distributed  over  a 
large  number  of  orbits.  It  might  be  that  the  lower  hybrid  wave  cavities  described 
in  the  present  study  represent  the  example  of  solitary  wave  structures  to  occur 
most  abundantly  in  nature. 
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In  the  present  work  we  summarize  some  new  results  concerning  the  basic 
properties  of  the  observed  phenomena  and  some  aspects  of  their  interpretation. 


2.  Basic  characteristics  of  wave-packets  and  cavities 

Details  of  a  wave-filled  cavity  are  shown  in  Fig.  1.  Note  that  the  probes  detecting 
the  density  variations  and  those  measuring  electric  fields  are  separated  in  space, 
i.e.  the  observation  times  of  peak  density  depletion  and  local  wave  envelope 
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FIG.  1.  An  example  of  a  lower  hybrid  wave  cavity  detected  by  instruments  on  the  Preja 
satellite.  The  lower  panel  is  the  relative  plasma  density  variations  in  %  as  detected  by  the  two 
Langmuir  probes,  the  upper  panel  is  the  electric  field  fluctuation  in  the  m/-band  and  the 
middle  panel  shows  the  wavelet  transform  of  the  electric  field  fluctuations.  The  wavelet 
analysis  is  based  on  a  Morlet  wavelet.  Note  that  the  probes  detecting  density  and  electric 
fields  are  at  different  spatial  positions  on  the  satellite.  This  gives  rise  to  a  slight  relative 
displacement  in  time  of  the  respective  signals. 

maxima  do  not  necessarily  coincide  even  in  the  case  where  the  shape  of  the 
spatial  wave  envelope  closely  follows  the  density  variation. 
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Concerning  the  low  frequency  density  variations,  signals  are  available  from 
two  Langmuir  probes  with  11m  separation.  In  most  cases,  a  density  depletion  is 
observed  in  both  signals,  see  Fig.  1,  and  it  is  found  that  the  depletion  propagates 
from  one  probe  to  the  other,  generally  with  negligible  change  in  shape,  indicating 
that  the  evolution  of  density  depletions  is  slow  compared  to  the  satellite  cavity- 
transit  time  [5]. 

Wave-packets  accompanying  the  density  depletions  are  usually  seen  in  the  If 
as  well  as  mf  data  for  the  electric  fields.  Sometimes  the  signal  can  be  present 
only  in  the  m/band,  as  shown  by  an  example  in  [9].  On  the  other  hand  there  are 
examples  where  a  clear  density  depletion  was  present  without  any  local  wave  ac¬ 
tivity,  see  [9],  although  unmistakable  examples  of  this  type  are  relatively  sparse. 
In  addition,  it  should  be  mentioned  that  more  recently  we  have  observed  lower 
hybrid  wave  activity  localized  at  local  density  maxima.  The  number  of  these 
observations  is  limited,  but  the  coincidence  of  density  maxima  and  wave  activity 
seems  to  be  so  clear  that  a  simple  statistical  or  random  simultaneous  occurrence 
may  be  ruled  out.  No  definite  conclusion  can  be  made  on  the  basis  of  this  limited 
dataset. 

Simultaneous  measurements  of  electric  and  magnetic  field  components 
demonstrate  that  the  fluctuations  considered  here  are  electrostatic  [3,  4,  9].  By 
using  the  ionospheric  data  for  the  actual  conditions,  it  is  readily  demonstrated 
that  the  observed  frequencies  in  the  spacecraft  frame  of  reference  are  compara¬ 
ble  to  the  lower  hybrid  frequency  ivlh^  and  that  no  other  electrostatic  wavetype 
seems  to  be  a  likely  candidate. 

To  obtain  detailed  information  of  the  frequency  variation  we  used  a  wavelet 
transform  of  the  electric  field  data,  see  also  [9].  A  typical  result  is  shown  in  Fig.  1. 
Since  the  m/-data  are  usually  only  available  during  a  burst  mode,  we  can  not 
expect  always  to  have  the  m/-band  activity  available  for  a  given  cavity.  The  wave 
frequency  is  usually  restricted  to  a  relatively  narrow  frequency  range  centered  at 
4  kHz,  and  the  characteristic  frequency  can  be  determined  quite  accurately. 

Analyzing  simultaneous  observations  of  density  depletions  and  electric  fields 
detected  in  the  full  m/-bandwidth  similar  to  that  shown  in  Fig.  1,  we  obtained  a 
scatter  diagram  of  corresponding  peak  density  depletions  and  peak  electric  field 
values,  see  Fig.  2.  The  peak  electric  field  is  obtained  as  the  half-value  of  the 
peak  to  peak  variations  (pp/2).  We  note  that  the  interpretation  of  the  figure  is 
not  unambiguous,  but  at  least  it  does  not  speak  against  a  model  which  assumes 
a  statistical  relation  between  electric  fields  and  density  depletions.  Recall  that 
the  measurements  usually  give  only  one  component  of  the  electric  field,  and  even 
this  may  in  some  cases  be  somewhat  uncertain  due  to  probe  aliasing  effects. 

When  interpreting  the  satellite  observations,  we  have  to  bear  in  mind  that  the 
cavities  are  spatially  localized  structures  which  are  intercepted  by  the  satellite 
orbit  at  random  positions.  For  instance  a  cavity  width  determined  from  one 
observation  is  just  a  chord  length  and  not  necessarily  the  diameter  of  the  actual 
cavity.  Although  it  is  not  logically  possible  to  draw  any  conclusion  concerning 
the  full  space-time  variation  of  the  individual  cavities  observed,  it  is  nevertheless 
meaningful  to  propose  a  physically  realistic  model  for  the  space  time  evolution  of 
cavities,  and  by  simple  assumption  concerning  the  statistics  on  the  intersection  of 
cavities  by  the  satellite,  the  relevant  statistical  distributions  of  cavity  widths  and 


394 


H.  L.  Pecseli,  S.  H.  H0ymork,  B.  Lybekk,  J.  Trulsen  afid  A.  Erikson 


Depth  of  cavity,  amplitude  % 


FIG.  2.  Scatterdiagram,  in  double  logarithmic  presentation,  of  simultaneously  obtained  peak 
density  depletions  and  corresponding  electric  field  amplitudes  in  the  m/-band. 


other  parameters  can  be  determined.  These  analytically  obtained  distributions 
can  then  be  compared  to  the  experimental  ones,  and  the  model  accepted  or 
rejected  according  to  the  agreement  between  the  two.  In  this  way  it  is  possible 
to  obtain  some  ’’average”  information,  which  in  some  sense  pertains  also  to  the 
individual  cavities. 

In  the  first  analysis  of  this  kind  for  the  present  data  [9] ,  studied  the  collapse 
model  often  suggested  as  a  likely  explanation  for  the  occurrence  of  lower  hybrid 
wave  cavities  [10].  In  [9]  the  time  evolution  of  the  cavity  width  was  assumed 
to  be  prescribed  by  the  analytic  results  from  collapsing  lower  hybrid  waves. 
Assuming  the  collapse  to  be  initiated  at  random,  uniformly  distributed  times  an 
expression  for  the  cord-length  distribution  was  obtained  to  be  compared  with 
experimental  results.  Although  the  study  assumed  a  simple  ’’inverted  top  hat” 
model  for  the  density  depletions,  the  results  were  rather  unambiguously  speaking 
against  the  proposed  model.  An  alternative  to  the  collapse  model  was  suggested 
in  terms  of  a  thermal  instability  [9] .  Here,  the  waves  give  up  energy  to  particles 
predominantly  in  positions  where  a  small  density  depletion  is  present  due  to  some 
random  irregularity.  Due  to  the  local  pressure  increase  the  plasma  subsequently 
expands  along  the  magnetic  field  lines  and  the  process  results  in  an  enhancement 
of  the  original  irregularity  and  an  ensuing  local  trapping  of  the  lower  hybrid  wave. 

As  an  extension  of  the  analysis  in  [9,  11]  we  show  in  Fig.  3  a  scat terp lot  for 
the  simultaneously  measured  peak  amplitudes  and  widths,  obtained  from  the 
data.  The  scatter  in  the  data  points  in  Fig.  3  can  have  two  different  origins: 
either  the  cavities  are  all  more  or  less  identical,  and  the  scatter  arises  because 
of  the  statistical  variation  in  the  ”  impact  parameter”  of  the  satellite  orbits  with 
respect  to  a  cavity.  Alternatively,  the  scatter  is  predominantly  reflecting  the 
statistical  distribution  in  the  scales  of  the  many  cavities.  This  question  can 
again  only  be  resolved  by  postulating  a  model,  derive  its  statistical  properties 
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Width  of  cavities  (m.) 

Fig.  3,  Scatterdiagram  for  amplitudes  and  chord-lengths  measured  at  half  amplitude, 
obtained  for  741  cavities  found  in  orbit  7580.  The  vertical  “stripes”  arise  because  of  the 

sampling  in  the  data. 


and  compare  these  with  observations.  We  here  assume  that  the  time  evolution 
of  the  cavity  is  so  slow  that  its  variation  during  the  transit  time  of  the  satellite 
can  be  ignored.  This  seems  to  be  a  good  approximation  since  the  cavities  are 
usually  found  to  be  symmetric,  see  e.g.  Fig.  1,  i.e.  the  gradients  on  two  sides  of 
the  density  depletions  are  the  same.  If  we  ’’mirror”  the  time  axis  with  respect 
to  the  local  extremum  value  of  the  density  depletions  associated  with  the  cavity, 
we  usually  find  that  its  mirror  image  is  usually  almost  indistinguishable  from 
the  original  one.  This  property  can  only  be  explained  by  the  assumed  slow  time 
evolution. 

We  postulate  a  relatively  general  analytical  form  for  cavities 
(2.1)  n  =  no  -  An  . 

With  the  adjustable  parameters  m,  R  and  An,  the  model  can  accommodate  a 
large  variety  of  cavity  forms.  The  inverted  top  hat  model  referred  to  before  is 
obtained  for  m  oo,  while  a  simple  Gaussian  density  depletion  is  found  for 
m  =  1.  We  use  the  same  exponent  on  both  x  and  y  for  symmetry  reasons,  since 
the  problem  does  not  have  any  preferred  direction  perpendicular  to  a  locally 
homogeneous  magnetic  field  when  large  scale  density  gradients  are  of  minor  im¬ 
portance.  In  (2.1)  we  can  take  y  =  const  as  an  impact  parameter  defining  the 
distance  between  the  satellite  orbit  and  the  center  of  the  cavity,  while  x  is  the 
coordinate  along  the  satellite  trajectory,  which  in  the  data  is  translated  into  a 
time- variable  t  —  x/V  with  V  being  the  satellite  velocity. 

The  result  (2.1)  oflfers  a  straight  forward  parametric  presentation  of  the  nor¬ 
malized  depth-chordlength  relation  as 


(2.2) 


I e-  ,  2^(2  In  2  +  ^2m)  i/m  _  ^2 
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with  ^  =  y/R  being  the  normalized  impact  parameter,  and  the  density  pertur¬ 
bation  being  normalized  by  its  peak  value.  The  chord-length  in  (2.2)  is  defined 
at  the  half-value  of  the  peak  amplitude,  exp  along  the  trajectory. 

When  examining  an  actual  record,  the  impact  parameter  is  in  general  varying 
from  cavity  to  cavity,  with  y  being  statistically  distributed.  The  only  acceptable 
assumption  concerning  its  probability  density  is  a  uniform  distribution,  P{y)  = 
1/Lm  for  0  <y  <  Lwt  and  zero  otherwise,  where  Lm  Is  a  maximum  distance  of 
the  satellite  from  the  center  of  a  cavity.  Eventually  we  let  Lm  00.  With  this 
assumption  we  can  in  principle  easily  obtain  the  marginal  probability  densities 
P{i)  and  P{h).  For  instance,  using  P{h)dh  =  P{y)dy  we  readily  find 


(2.3) 
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with  ^  n/An  <  1.  The  probability  density  (2.3)  is  normalized  for 

all  finite  Lm^  but  the  expression  may  give  trivial  results  in  the  limit  of  Lm  00 
for  certain  m. 

We  can  test  (2.1)  by  fitting  the  parameters  m  and  R  to  the  actual  data,  after 
removal  of  a  simple  linear  and  a  quadratic  trend  in  the  data.  As  an  illustration  we 
show  in  Fig.  4  such  a  fit  obtained  for  the  cavity  shown  in  Fig.  1.  The  data  from 
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FIG.  4.  Fit  of  a  Gaussian  form  for  a  selected  cavity.  The  two  curves  correspond  to  the  two 
Langmuir  probes  which  intercept  the  cavity  at  two  different  positions.  In  the  curve-fitting  we 
allowed  also  for  two  small  terms  proportional  to  t  and 

the  two  probes  are  shown  with  black  dots  given  by  the  low  frequency  sampling 
used  in  this  case,  while  the  full  line  is  a  Gaussian,  i.e.  m  =  1,  while  R  =  0.0016  s, 
corresponding  to  a  length  scale  of  9.7  m.  Note  that  the  same  Gaussian  is  used  for 
both  signals,  since  it  is  the  same  cavity  which  is  intercepted  at  two  position  by 
the  two  Langmuir  probes.  Evidently,  the  fit  is  quite  good  in  this  case.  We  have 
examined  a  number  of  cavities,  and  show  in  Fig.  5  the  normalized  root-mean- 
square  deviation  between  the  best  Gaussian  fit  and  the  individual  datapoints  for 
130  cavities.  Evidently,  the  fit  is  significantly  better  than  10%,  and  a  Gaussian 
variation  can  be  used  as  a  good  approximation,  implying  that  m  «  1  in  (2.2) 
is  a  useful  approximation  when  analyzing  the  data.  In  this  case,  however,  the 

relation  (2.2)  becomes  particularly  simple,  giving  2>/2 ln2|.  With  y 

being  statistically  distributed,  but  all  cavities  identical,  the  scatterdiagram  in 
Fig.  3  should  give  one  vertical  line  with  all  chord-lengths  being  the  same  and 
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FIG.  5.  Normalized  mean  square  deviation  between  the  best  fitted  Gaussian  form  and  the 
datapoints  for  130  cavities  observed  in  pass  1234,  7.  January  1993. 


identical  to  the  cavity  half-width.  Evidently  this  is  not  the  case,  and  we  can 
conclude  that  the  cavity  diameters  are  statistically  distributed,  with  distributions 
as  those  shown  e.g.  in  [9]. 

By  inspection  of  Fig.  3  it  is  evident  that  the  density  depletions  with  the 
average  widths  are  in  general  also  those  associated  with  the  deepest  density 
depletions.  The  very  narrow,  as  well  as  the  widest  observed  density  depletions 
are  generally  also  the  most  shallow  ones.  This  seem  in  contradiction  with  a 
collapse  model  where  the  individual  cavities  are  initially  wide  and  shallow,  and 
subsequently  narrows  while  the  density  depletion  gets  deeper. 


3.  Conditions  for  occurrence  of  cavities 

A  large  number  of  satellite  passes  were  investigated  [6,  7]  to  determine  the  dis¬ 
tribution  of  cavities.  They  are  observed  over  a  large  region  of  the  polar  cap, 
but  their  spatial  distribution  is  not  quite  uniform,  even  when  averaged  over  long 
times  by  including  observations  taken  more  than  a  year  apart.  There  are  regions 
with  several  orbits  but  with  few  or  no  cavity  observations.  On  the  other  hand 
there  are  regions  where  cavities  are  present  in  every  orbit.  A  summary  figure  in 
[12]  give  the  distribution  of  precipitating  particles  in  the  northern  hemisphere. 
The  drizzle-type  high  energy  auroral-zone  precipitation  seems  to  have  a  distri¬ 
bution  reminiscent  of  the  cavity  distribution  we  observe.  Although  the  statistics 
need  to  be  improved,  this  agreement  deserves  a  closer  scrutiny. 

Using  the  data  for  electron  and  ion  energy  distributions  obtained  on  the 
satellite,  we  attempted  also  to  correlate  the  occurrence  of  cavities  with  these 
observations.  See  also  [5]  for  a  similar  discussion.  To  complete  the  presentation 
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we  considered  also  data  for  magnetic  fields  and  currents.  No  straightforward  or 
evident  conclusion  emerged  from  these  and  similar  studies.  Usually  we  find  cav¬ 
ities  present  in  the  vicinity,  or  just  outside,  regions  of  enhanced  magnetospheric 
activity,  where  strong  conductivity  gradients  are  expected.  (There  are  however 
also  some  observations  of  cavities  inside  inverted  V-events,  for  instance  [7].)  A 
conclusion  which  is  consistent  with  the  observations  can  be  made  as  follows;  it 
can  be  argued  that  the  active  regions  are  characterized  by  excitation  of  many 
different  wavetypes,  which  can  disturb  the  formation  of  cavities  inside  these  re¬ 
gions.  It  thus  seems  difficult  to  imagine  formation  of  cavities  in  an  environment 
with  significant  activity  of  ion-acoustic  waves,  for  instance.  Cavities  are  thus 
assumed  to  be  excited  in  the  regions  with  drizzle-type  particle  precipitation,  but 
quenched  in  the  active  regions  as  argued.  We  expect  that  lower-hybrid  waves 
can  be  excited  as  well  in  these  active  regions.  All  these  different  wavetypes  are 
radiated  out  of  these  active  regions,  and  most  of  them  will  be  damped.  Lower- 
hybrid  waves  propagating  perpendicular  to  magnetic  fields  are  however  without 
any  noticeable  linear  damping,  see  for  instance  the  numerically  obtained  lin¬ 
ear  dispersion  relation  given  in  [9].  Outside  the  active  regions  these  waves  can 
generate  cavities  without  the  disturbance  or  interference  from  other  wavetypes. 
By  the  latter  argument  the  active  regions  are  important  for  the  generation  of 
lower-hybrid  waves,  explaining  a  preference  for  observing  waves  in  the  vicinity 
of  such  regions.  It  can  however  not  be  argued  that  such  active  regions  are  the 
only  sources  of  lower-hybrid  waves. 


3.1.  Spatial  distribution  of  cavities 

Two  different  scenarios  for  the  formation  of  cavities  can  be  distinguished;  one 
where  they  are  generated  with  more  or  less  regular  intervals  (for  instance  by  a 
modulational  instability)  or  alternatively  by  a  random  process  where  a  cavity 
is  formed  at  a  spatial  position  independent  of  the  presence  of  others.  These,  or 
other,  conjectures  can  be  tested  experimentally.  We  propose,  as  a  hypothesis, 
that  the  cavities  are  randomly  distributed  along  the  spacecraft  trajectory,  with 
the  position  of  one  cavity  being  statistically  independent  of  all  others  [9,11].  The 
consequence  of  the  hypothesis  is  that  cavities  are  to  be  Poisson  distributed  along 
the  trajectory,  i.e.  the  distribution  of  the  number  N  of  cavities  in  an  interval  of 
length  C  is  P{N)  =  (v>C)^  exp{uC)/N\  with  u  being  the  density  of  cavities  along 
the  trajectory.  An  estimate  for  this  probability  density  is  a  measurable  quantity, 
offering  a  straightforward  test  of  the  hypothesis.  Here  we  took  the  time  interval 
to  be  0.375  s,  corresponding  to  a  spatial  interval  of  2.33  •  10^  m.  As  a  check  we 
also  considered  other  durations  of  the  time  interval,  see  also  [11].  Results  are 
shown  by  [7],  based  on  data  for  plasma  density,  supported  by  //-data,  taking 
into  account  that  not  all  cavities  need  to  have  a  noticeable  wave  activity  in  the 
//-band.  The  identification  of  cavities  is  not  straightforward  in  all  cases,  but  the 
uncertainty  is  expected  to  diminish  in  significance  when  a  large  number  of  events 
are  analyzed.  A  Poisson  distribution  is  found  to  be  reasonably  justified. 

An  alternative  test  of  the  Poisson  hypothesis  is  to  obtain  the  distribution  of 
separation  between  cavities.  For  the  Poisson  model  the  distribution  should  follow 
an  exponential,  with  the  exponent  determining  the  average  distance  between 
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cavities  along  the  satellite  trajectory.  See  the  summary  given  in  [7]  for  results. 


4.  Conclusions 

In  this  paper  we  presented  some  basic  properties  of  the  localized  bursts  of  lower- 
hybrid  waves  and  associated  density  cavities  observed  by  the  Freja  satellite.  We 
found  indications  that  the  cavities  might  occur  predominantly  in  regions  where 
we  have  auroral  zone  (high-energy)  particle  precipitation  (drizzle-type).  There 
seems  to  be  solid  evidence  for  claiming  that  cavities  are  Poisson-distributed  in 
the  regions  where  they  occur,  and  on  the  basis  of  this  observation  it  can  be 
argued  that  cavities  develop  independently,  presumably  triggered  by  some  burst 
type  phenomena.  Our  studies  demonstrate  that  the  observed  distributions  are 
surprisingly  constant  in  time.  For  instance  the  spatial  density  of  cavities  varies 
by  less  than  a  factor  3  for  data  obtained  by  more  than  a  years  separation.  These 
results  indicate  that  lower-hybrid  waves  and  wave  cavities  are  common  in  the 
Earth’s  upper  ionosphere,  and  not  necessarily  associated  with  violent  events. 
The  occurrence  does  not  have  any  evident  seasonal  variation,  and  within  the 
lifetime  of  the  Freja  satellite,  the  cavities  were  present  at  all  years  with  equal 
probability. 

At  times  where  the  cavity  activity  is  significant,  the  data  give  a  typical  den¬ 
sity  of  cavities  of  JjLc  10“^  m~^  in  a  plane  perpendicular  to  the  magnetic  field 
{/j,c  has  dimensions  length"’^).  With  an  average  diameter  of  &0  m,  the  cavities 
cover  10  —  20  %  of  the  plane.  The  wave  energy  density  in  the  cavities  was  found 
to  be  of  the  order  of  10~^  —  10“*^  %  of  the  thermal  plasma  energy  density.  The 
cavities  thus  contribute  negligibly  to  the  overall  energy  budget  of  the  plasma. 
On  the  other  hand,  the  wave  amplitude  inside  a  cavity  is  2-10  times  that  outside. 
Consequently,  almost  one  half  of  the  lower  hybrid  wave  energy  can  be  concen¬ 
trated  in  cavities  in  those  cases  where  they  are  a  noticeable  constituent  in  the 
data.  It  is  plausible  that  this  wave  energy  concentration  can  give  rise  to  low  den¬ 
sity  energetic  particle  beams.  One  important  remaining  question  concerns  the 
elongation  of  cavities  along  the  magnetic  field.  Our  expectations  are  that  the 
cavities  are  long,  probably  more  than  several  km.  A  complete  energy-budget  of 
the  observed  lower-hybrid  waves  is  only  feasible  when  this  B-parallel  scale- length 
is  known. 
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Preionization  controlled  transient  hollow  cathode  discharges  operating  at  pulsed  high  voltages 
of  some  tens  of  kV,  at  gas  pressure  around  0.1  mbar  are  used  to  generate  filamentary  electron 
beams  of  some  tens  of  A  during  about  10  ns.  These  latter  are  energy  analyzed,  with  different 
methods,  evidencing  poly-energetic  distribution  function  containing  both  ’’run  away”  electrons 
with  energy  equal  to  the  total  instant  voltage  applied  to  the  discharge  and  energy  distributed 
slower  electrons  extending  towards  some  tens  of  eV.  Specific  experimental  conditions  allow 
improvement  of  beam  propagation  conditions  in  terms  of  trajectory  control. 


1.  Introduction 

Pseudospark  discharges  have  been  studied  since  20  years  [1]  either  as  high  power 
switches  or  as  electron  beam  sources.  A  recent  overview  in  their  scientific  and 
technological  progress  have  been  presented  in  [2].  The  former  application  uses 
their  ability  to  deliver  high  current  densities  within  very  short  times;  the  latter 
one  is  related  to  an  initial  stage  of  the  discharge  where  an  intense  electron  beam 
is  extracted  and  used  for  material  processing,  thin  film  deposition,  semiconductor 
lithography. 

We  have  developed  since  1994  [3]  a  discharge  belonging  to  pseudospark 
family  but  with  specific  configuration  and  operating  procedure  producing  elec¬ 
tron  beams  having  the  advantage  of  both  stability  and  reproducibility,  without 
the  constraint  of  internal  bore  holes  and  correlative  erosion  problems.  Here, 
we  present  measurements  proving  that  the  beam  energy  distribution  function 
(BEDF)  is  poly-energetic,  roughly  decreasing  with  energy.  We  also  describe 
specific  experimental  conditions  for  beam  propagation  allowing  improvement  in 
terms  of  control  of  its  propagation  conditions. 
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2.  Basic  set  up,  overall  description 

Compared  to  classical  pseudospark,  the  discharge  under  study  presents  two  spe¬ 
cific  characteristics  consisting  in  an  open  ended  cathode  and  a  pre-ionization  in 
the  cathodic  zone.  In  this  frame,  many  configurations  can  be  used,  involving 
either  internal  or  external  electrodes,  either  dc  or  ac  pre-ionization,  short  or  long 
inter-electrodes  region.  Any  gas  at  some  0.1  mbar  can  be  used.  Fig.  1  presents 
some  of  them,  going  from  totally  external  to  totally  internal  electrodes.  They 


FIG.  1.  Some  examples  of  discharge  configurations:  Ki,  K2:  common  cathode;  Ai,  A2:  anodes 
for  the  main  and  the  auxiliary  discharges,  respectively;  F:  floating  electrodes,  E:  external  grid; 
"basic”  single-gap  and  "multigap”  configuration  correspond  respectively  to  c)  and  d). 

have  in  common:  a  glass  discharge  tube,  3  cm  diameter,  a  main  discharge  created 
by  a  pulsed  high  voltage  applied  between  a  cylindrical  open  ended  cathode  Ki 
with  typical  length  of  5  to  10  cm,  and  an  anode  Ai.  In  the  case  of  external  elec¬ 
trodes,  the  pre-ionization  is  ensured  by  a  pulsed  high  voltage  auxiliary  discharge 
(electrodes  A2  and  K2),  preceding  the  main  discharge  pulse  with  a  controlled 
advance.  In  the  case  of  internal  auxiliary  electrodes,  the  pre-ionization  uses  dc 
discharge  and  current  adjustment.  Typically,  the  distance  between  Ai  and  Ki 
is  2  to  3  cm.  Nevertheless,  when  a  long  interelectrode  region  is  required  (up  to 
30  cm),  a  supplementary  floating  electrode  in  front  of  the  Ki  output  (cf.  Fig.  le) 
is  related  to  an  external  grid  which  ensures  stability  and  focusing  of  the  beam, 
as  seen  in  [4].  A  multi-gap  configuration  has  been  also  studied  (cf.  Fig.  Id), 
with  several  floating  electrodes  between  Ai  et  Ki  consisting  in  metallic  plates, 
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with  central  bore  holes,  alike  classically  used  in  pseudospark  devices  [5]. 

In  all  these  configurations,  when  adjustment  of  the  auxiliary  discharge  is 
convenient,  a  beam  is  created  and  gives  rise  to  a  filamentary  bright  discharge, 
well  collimated  around  the  axis,  with  an  apparent  diameter  of  the  order  of  1  mm. 

Contrary  to  usual  pseudospark  discharges,  fast  high  voltage  pulses  between 
main  electrodes  are  requested  here  to  allow  suflicient  breakdown  voltage.  Al¬ 
though  many  possibilities  can  be  used,  we  generally  produce  them  by  a  dc  high 
voltage  supply  charging  in  parallel  two  capacitors  through  a  pulse  forming  line. 
The  line  is  grounded  via  a  rotary  spark  gap  so  that  capacitors  are  discharged  in 
series  and  an  opposite  polarity  voltage,  twice  the  initial  value  is  applied  between 
Ki  and  Ai  with  a  rise  time  around  50  ns.  Using  two  forming  lines  and  four 
capacitors,  it  allows  to  obtain  four  times  the  initial  voltage  value  if  necessary. 

Fig.  2  presents  observed  phenomena  in  the  case  of  two  external  main  elec¬ 
trodes,  made  of  salt  water,  -thus  transparent-  cylinders.  Auxiliary  discharge  is 
dc  type  and  uses  internal  metallic  cylindrical  electrodes  on  the  left  side.  Three 
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FIG.  2.  Insight  into  the  cathodic  zone  (on  the  left)  and  the  inter-electrode  bright  and  narrow 
plasma  channel,  using  configuration  with  external  transparent  main  electrodes. 


successive  luminescent  parts  of  the  main  discharge  can  be  observed:  i)  the  ca¬ 
thodic  region  where  a  quite  homogeneous  brightness  becomes  progressively  fo¬ 
cused  around  the  axis;  ii)  the  inter-electrode  region  with  an  axial  filamentary 
bright  discharge;  iii)  the  anodic  region  where  the  latter  diverges  towards  the 
tube  border  to  ensure  the  current  return. 

In  fact,  an  axial  electron  beam  is  evidenced  between  Ki  and  Ai  as  being 
associated  to  filamentary  discharge  by:  (i)  sensitivity  to  a  magnetic  field,  (ii) 
ability  to  be  collected  after  the  anode,  when  this  latter  is  a  perforated  disc,  giving 
a  measurable  current,  (iii)  interaction  effects  with  the  anodic  collector  such  as 
X  fluorescence  and  erosion  going  eventually  till  hole  drilling  if  interaction  time 
is  long  enough. 

In  order  to  describe  the  events  chronology  and  to  give  an  order  of  magni¬ 
tude  of  some  parameters.  Fig.  3  presents  an  example  of  discharge  parameters 
measured  in  Argon  at  about  0.1  mbar:  inter-electrode  voltage,  total  discharge 
current,  filamentary  discharge  brightness  observed  by  an  Aril  line  intensity,  beam 
current,  and  X-ray  fluorescence  of  a  scintillator  used  as  a  target.  In  an  optimized 
geometry  the  beam  current  could  rise  up  to  300-400  A  [2,  13]. 
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FIG.  3.  Variation  versus  time  of  some  electrical  discharge  characteristics:  total  discharge 
voltage  y,  beam  current  /&,  discharge  current  Idisch,  plasma  channel  radiated  light  (427,7  nm 
Ar  II  line),  scintillator  X  fluorescence  from  electron  beam  impact. 


3.  Beam  Energy  Distribution  Function  (BEDF) 

Relatively  few  studies  have  been  devoted  to  the  beam  energy  distribution  func¬ 
tion  (BEDF).  Experimental  evidence,  however  has  proved  that  high  energy  elec¬ 
trons  only  exist  at  the  beginning  of  the  discharge,  before  the  discharge  current 
reaches  maximum  value  [6,  7],  consistent  to  the  spectrum  measured  by  Ding  et 
al  [8],  which  shows  that  electron  energy  equals  the  instantaneous  chamber  volt¬ 
age.  Such  a  distribution  leads  to  a  hump  shaped  time  averaged  BEDF  peaked 
around  2/3  of  voltage  breakdown  value,  with  a  FWHM  which  is  about  1/4  of 
this  value,  similar  to  the  one  measured  by  magnetic  deflection  [9]  and  from  gas 
bremsstrahlung  X-ray  spectroscopy  [5].  In  fact,  the  magnetic  measurements  in¬ 
volved  an  electron  detector  which  was  not  sensitive  to  slow  electrons;  moreover, 
in  the  case  of  bremsstrahlung  measurements,  it  is  admitted  in  ref  [10]  that  the 
real  spectrum  has  to  be  extrapolated  to  low  energies,  giving  a  complete  distri¬ 
bution  decreasing  versus  energy.  This  property  is  also  predicted  in  a  model  by 
Pitchford  [11],  which,  in  addition  to  primary  run-away  electrons,  includes  a  main 
population  of  lower  energy  electrons. 

Knowledge  of  BEDF  is  essential  to  appreciate  the  pertinence  of  potential 
beam  applications.  We  present  here  measurements  using  three  different  comple¬ 
mentary  methods. 

3.1.  Magnetic  analyzer 

A  simple  device  to  measure  the  BEDF  is  a  magnetic  analyzer.  Basically,  it 
consists  of  a  measurement  chamber  behind  the  anode  hole,  in  which  acts  a  quasi- 
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homogeneous  linear  magnetic  field  (typically  tens  of  Gauss).  The  entrance  slit 
is  placed  on-axis,  in  order  to  ensure  a  paraxial  analyzed  beam.  The  exit  slit  is 
off-axis  at  a  sufficient  distance  to  ensure  a  good  energy  resolution.  Behind  the 
exit  slit  chamber  lies  the  beam  detector.  The  energy  calibration  in  beam  velocity 
is  made  in  situ  by  using  a  low-intensity  mono-energetic  electron  beam  produced 
in  a  high-voltage  abnormal  dc  discharge  between  the  anode  and  a  grid,  mounted 
at  the  anodic  end  of  the  cathode. 

First  results  had  been  presented  in  [9].  Results  obtained  with  an  improved 
analyzer  are  presented  in  [12].  Improvement  consists  both  in  the  detector  nature 
(here  a  Faraday  cage  able  to  collect  also  slow  electrons)  and  in  the  measurement 
chamber  geometrical  characteristics,  giving  a  good  resolution  (10%)  and  a  rela¬ 
tively  short  chamber  length  (35  mm).  In  fact,  a  short  beam  path  is  necessary  to 
reduce  the  effects  of  charge  induced  beam  divergence  and,  consequently,  loss  of 
slow  electrons. 

Two  types  of  configurations  have  been  used,  that  we  shall  call  basic  (single 
gap)  and  multi-gap  configurations,  corresponding  respectively  to  Fig.  Ic  and 
Fig,  Id. 

Fig.  4  shows  typical  time-integrated  energy  spectra  measured  with  the  mag¬ 
netic  analyzer  for  the  basic  and  multi-gap  configurations,  obtained  at  33  kV 
breakdown  voltage.  We  observe  that  the  energy  spectrum  for  the  multi-gap  con¬ 
figuration  is  enriched  at  all  energies  compared  to  the  spectrum  for  the  single  gap. 
In  particular  we  note  the  low  energy  component  which  is  missing  in  the  case  of 


u  (kV) 

FIG.  4.-  Time  integrated  energy  spectra  obtained  with  a  magnetic  analyzer  for  the  two 
configurations  of  Fig.  Ic  ("basic”)  and  Id  ("multi-gap”)  and  33  kV  breakdown  voltage. 

single  gap  configuration.  These  results  reveal  the  role  of  multi-gap  configuration 
in  generating  a  relatively  intense,  well  focused,  poly-energetic  electron  beam,  in 
comparison  with  the  single  gap  configuration,  as  seen  in  [13]. 
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In  alternative  experiments  presented  in  the  next  sections  the  deduced  electron 
energy  spectra  is  qualitatively  comparable  with  those  of  the  spectra  measured 
here  on  the  multi-gap  configuration  (Fig.  4  dotted  line):  a  low  energy  distri¬ 
bution  function  decreasing  with  energy  and  a  group  of  high  energy  electrons. 
Quantitatively,  the  ratio  of  the  fast  to  the  low  energy  component  appears  to  be 
different,  that  we  attribute  to  the  longer  path  of  analyzed  electrons  until  the 
detector  in  the  magnetic  analyzer  as  compared  to  the  very  compact  chambers 
involved  in  the  methods  presented  in  the  next  section. 

To  underline  the  importance  of  the  propagation  length  on  the  measured  en¬ 
ergy  spectrum,  we  placed  the  Faraday  cage  axially,  behind  an  aperture  of  2  mm, 
at  two  distances:  10  mm  and  42  mm,  this  means  at  the  position  of  the  entrance 
aperture  of  the  magnetic  analyzer  and  respectively  at  a  distance  corresponding 
to  the  path  length  of  the  electrons  through  the  analyzer.  The  total  electron  beam 
currents  measured  in  the  two  positions  for  the  multi-gap  configuration  were  60  A 
and  7,2  A  respectively.  Since  we  know  that  the  propagation  of  the  lower  energy 
electrons  is  more  affected  by  the  space  charge  effects  than  that  of  the  higher 
energy  electrons,  it  results  that  the  energy  spectra  measured  with  the  magnetic 
analyzer  underestimate  the  low  energy  component  in  the  electron  beam  which 
leaves  the  anode. 


3.2.  Bremsstrahlung  X  ray  emission 

The  second  method  uses  the  bremsstrahlung  X  ray  emission  due  to  beam  inter¬ 
action  with  solid  target,  as  presented  in  [14]. 

A  Cu  or  C  target  has  been  located  at  a  short  distance  d  (1  -  4  cm)  beyond 
the  anodic  hole.  We  used  a  Si-Li  detector  with  a  very  good  resolution  (about 
150  eV)  associated  to  a  multi-channel  analyzing  system.  To  avoid  the  electronic 
pile-up  generated  by  the  high  photon  rate  while  keeping  small  absorption,  we  use 
a  vacuum  tube  of  1.5  m  mounted  laterally.  As  a  result,  a  very  long  acquisition 
time  w£LS  necessary  (10^  pulses).  The  expression  of  the  bremsstrahlung  emission, 
i.e.  the  energy  radiated  per  electron  and  per  unit  of  energy  interval  is: 

POO 

(3.1)  J{hu)  =  /  j  (u^hiy)  y/iTg  {u)  du, 

Jhu 

j(iz,  hu)  is  the  elementary  emissivity,  well  described  by  the  Kulenkampf  empirical 
formula: 


(3.2)  j(u,  hu)  =  6  •  (u  —  hi/), 

where  5  is  a  constant  depending  on  the  target  nature. 

In  fact,  the  experimental  measurable  quantity  is  the  number  of  photons 
counted  per  energy  channel,  i.e.: 


(3.3) 


N  {hu)  = 


hu 


where  T{hu)  is  the  photon  transmission  coefficient  due  to  the  detector’s  efficiency 
and  to  the  various  absorbers  and  d  the  observation  solid  angle.  From  deduced 
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J{hu)^  and  inverting  equation  (3.1),  one  can  obtain  g{u).  In  fact,  in  order  to 
optimize  the  counting  statistics,  the  experimental  curve  N{hp)  has  to  be  recorded 
successively  over  several  energy  ranges  using  different  absorbing  screens,  hence 
different  thresholds  for  T{hu)  function.  Fig.  5  shows  g{u)  obtained  for  d  =  1  cm 
and  V  =  33  kV. 


FIG.  5.  BEDF  from  deconvolution  of  bremsstrahlung  X  ray  emission  (C  target,  1  cm  behind 

the  anodic  hole,  40  y.m  A1  filter). 


3.3.  Electrostatic  measurement 

The  last  method  is  based  on  a  technique  starting  from  the  classical  retarding  grid 
electrostatic  analyzer  but  with  original  features  allowing  an  access  very  close  to 
the  beam  extraction  hole.  These  measurements  are  time  and  space  resolved. 
But,  as  we  shall  see,  they  do  not  analyze  directly  energies  higher  than  some  keV. 

The  method  was  used  for  the  configuration  presented  in  Fig.  le  and  the 
diagnostic  device  is  presented  in  Fig.  6.  It  consists  of  a  Faraday  cage  analyzing 
the  beam  current  extracted  from  an  anodic  hole,  1  mm  diameter,  with  a  collector 
C.  Two  positions  of  anodic  hole  (either  on-axis  or  1  mm  off-axis)  have  been 
studied.  The  collector  is  coupled  to  a  non-inductive  grounded  shunt  of  Rs  =  0.50 
through  a  serial  resistor  Rp  ,  giving  a  total  equivalent  resistor  R  =  Rp  Rs. 
The  measurement  principle  is  based  on  the  self  biasing  of  the  collector  due  to 
the  finite  value  of  the  resistor  R.  In  fact,  when  passed  by  the  beam  current  7^,  C 
is  biased  to  a  voltage  RI5  making  an  energy  selection  in  electrons  carrying  this 
current.  So  we  can  express  in  function  of  the  one  dimensional  BEDF,  g{u)^ 
which  has  a  lower  limit  also  dependent  of  R  under  the  form: 

POO 

(3.4)  h=  Vu  g{u,t)  du, 

JRh 

where  c  is  a  constant  including  the  anodic  hole  area  5,  given  by:  c  = 
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Faraday  cage 


A 


Fig.  6.  Electrostatic  analyzer:  Ai:  grounded  anode;  FC:  Faraday  Cage;  C:  collector; 
R5:  0.5fi  shunt;  Rp:  variable  serial  resistor  (R  =  Rp  Rs)- 


g3/2^(2/y^)i/2^  Varying  Rp  and  thus  the  total  resistance  value  R,  several  os¬ 
cillograms  hit)  are  recorded.  Then,  at  fixed  it  is  possible  to  draw  the  curve 
/fc  as  a  function  of  from  which  the  BEDF  can  be  deduced  by  the  formula: 

(3.5)  c-g{u  =  Rh)  =  y^^'^^^\ 

An  oscillograms  set  corresponding  to  on-axis  hole  is  presented  on  Fig.  7  for  R 
values  between  0.5  Q.  and  450  Q.  and  a  cathode-anode  applied  voltage  of  25  kV. 
Its  envelope  exhibits  two  humps  shape.  At  t  values  corresponding  to  these  humps 
the  extreme  values  of  evidence  that  the  first  one  corresponds  to  fast  electrons 
and  the  second  one  to  slower  electrons.  The  same  analysis  off-axis  proved  that 
the  ratio  between  fast  and  slow  populations  appears  to  be  higher  on-axis  than 
off-axis. 

To  deduce  the  BEDF,  the  calculation  procedure  consists  first  in  extracting 
experimental  points  h  versus  RIi,  at  fixed  t,  then  in  correcting  these  points 
to  take  into  account  capacitive  leaks  at  high  R  values  and  inductive  collector 
biasing  at  low  R  values.  A  fitting  curve  Ib{Rh)  of  corrected  points  is  then  used 
to  determine  g{u  =  Rlt)  from  (3.5).  It  is  important  to  note  that  the  attainable 
u  range  is  limited  by  the  two  extreme  values  of  R  following: 

(3*6)  Rmin  '  ^  <  -^max  ‘  ^b  (-^max) 

thus  implying  for  every  t  an  extrapolation  both  towards  zero  and  highest  energy 
values  if  macroscopic  quantities  are  requested.  We  arrive  finally  to  the  relation  : 

(3.7)  g  {u,  t)=  Y,  (t)  exp 

Fig.  8a  and  8b  show  the  deduced  values  of  g{u^t)  both  in  the  measured  u 
ranges  (bold  lines)  and  in  the  extrapolated  u  ranges.  One  can  show  that  the 
shape  of  BEDF  evolves  from  quasi  mono-exponential  with  low  pseudo  ”  temper¬ 
ature”  ,  to  roughly  two-exponential  with  a  tail  of  high  temperature  at  time 
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t  (ns) 


FIG.  7.  Time  variation  of  measured  h  currents  with  the  collector  for  different 

values  of  R  (on-axis  hole). 


a)  on-axis  b)  off-axis 


FIG.  8.  Time-resolved  BEDF  for  two  positions  of  the  anodic  hole.  Bold  lines  correspond  to 
the  measured  ranges,  successively  for  an  on-axis  hole  and  for  a  1  mm  off-axis  hole. 

around  maximum  beam  current  time.  Then  it  evolves  again  to  a  mono¬ 
exponential,  with  ’’temperature”  decreasing  with  increasing  time.  On-axis  and 
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off-axis  BEDF  exhibit  the  same  evolution  with  a  lower  mean  energy  in  the  latter 
case. 

In  order  to  test  the  extrapolation  validity,  the  current  has  been  calculated 
versus  t  for  the  minimum  value  of  R  (0.5  fi)  using  relation  (4)  and  the  previously 
deduced  and  compared  to  the  oscillogram  Ib{il  =  0.5 


FIG.  9.  Comparison  between  the  experimental  current  Ib{t)  (for  R  =  0.5  Q)  and  the 
calculated  one  using  the  expansion  (7),  for  the  on-axis  hole;  the  deduced  beam  current 
corresponding  to  the  mono-energetic  component  Ij,  is  shown  also. 

Fig.  9  evidences  a  calculated  current  slightly  lower  than  the  measured  one 
with  a  relative  difference  reaching  1/7  at  the  time  of  maximum  /f,.  We  assume 
that  this  difference  : 

(3.8) 

is  due  to  the  ’’run  away”  (RA)  electrons  previously  evidenced  by  the  other  BEDF 
mecLSurement  methods,  i.e.  having  electron  distribution  function  under  the  form 
of  a  delta  function  with  the  corresponding  density  n  (t),  such  that  : 


(3.9) 


g  {u,t)  =  n{t)  ■  5{u  -  V{t)), 
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(3-10)  Jj(f)  =  c  •  n'{t)  ■ 

Using  the  total  BEDF  gtot{u^t)  =  g-\-g  we  shall  further  calculate  the  depen¬ 
dence  versus  time  of  some  macroscopic  quantities  associated  to  BEDF,  for  the 
case  of  on-axis  hole.  Fig.  10  shows  that  the  mean  electron  energy  increases  then 
decreases  during  the  voltage  fall-time,  with  a  maximum  value  around  5  keV, 


< 


t(ns) 


Fig.  10.  Calculated  time  variation  of  on- axis  beam  density  (n)  and  beam  energy  (w). 

some  ns  before  the  time  of  maximum  beam  current,  contrary  to  electron  density 
which  is  always  increasing.  Note  that  the  latest  t  involved  in  these  calculations 
corresponds  to  the  beginning  of  the  filamentary  discharge,  i.e.  to  an  another 
discharge  regime  where  the  ID  BEDF  becomes  invalid. 

The  time  averaged  value  of  gtot  appears  in  Fig.  11  with  a  humped  tail  whose 
maximum  is  around  one  half  the  breakdown  voltage.  One  can  calculate  that,  in 
the  time  averaged  value  of  beam  current,  one  tenth  is  carried  by  electrons  of  more 
than  20  keV.  More  generally,  keeping  the  former  distinction  between  run-away 
electrons  (distribution  g/)  and  slower  electrons  (distribution  ^  ),  in  table  1  are 
shown  their  time  averaged  relative  contribution  to  density,  current  and  power 
for  axially  extracted  electron  beam. 

Table  1.  Time  averaged  relative  contributions  of  run-away  (RA)  and  slower 
electrons  to  macroscopic  beam  characteristics 


Density  (cm 

Beam  current  (A) 

Power  (  W  ) 

Total 

t-H 

O 

t-H 

13 

5.5  •  10^ 

%  Run  Away  e~ 

1.1 

8.5 

43.6 

%  slower  electrons 

98.9 

91.5 

56.4  . 

412 


A,  M.  Pointu  et  ai 


FIG.  11.  Time  averaged  on-axis  BEDF:  9:  monotically  decreasing  distribution; 
9:  run  away  electrons  distribution;  9 tot-  total  distribution. 


3.4.  Discussions 

The  three  different  methods  appear  to  present  complementary  advantages  and 
disadvantages: 

(i)  The  magnetic  method  allows  measurement  of  time  averaged  BEDF  in  all  the 

range  of  investigated  energies.  However,  it  presents  the  disadvantage  of 
the  analyzer  length.  This  latter  is  made  necessary  by  the  request  both  to 
select  a  paraxial  entrance  beam  and  to  have  sufficient  energy  selectivity. 
Due  to  this  length,  the  low  energy  electrons  are  partially  eliminated  from 
the  analyzed  beam  under  the  action  of  the  space  charge  force. 

(ii)  The  method  based  on  bremsstrahlung  X  ray  is,  at  the  contrary,  very  local 

and  able  to  test  the  beam  at  the  minimum  target-anode  distance,  i.e.  about 
10  mm.  Nevertheless,  it  only  concerns  electrons  above  some  keV.  Moreover, 
it  implies  a  very  small  observation  solid  angle  with  different  difficulties 
to  adjust  precisely  the  position  of  observation  range  in  the  beam-target 
interaction  spot.  Finally,  its  main  disadvantage  is  to  make  necessary  a 
very  long  acquisition  time,  with  the  risk  of  characteristics  drift. 

(iii)  The  electrostatic  method  takes  advantage  of  the  self-biasing  of  the  collec¬ 
tor  placed  very  close  to  the  anode.  This  means  a  large  acceptance  solid 
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angle,  nearly  equal  to  180°  ,  without  risk  of  internal  breakdown.  This  is  a 
real  advantage,  compared  to  published  measurements  [8]  which  were  done 
after  several  centimeters  of  beam  propagation  behind  the  anode,  because 
it  can  be  used  to  study  interaction  with  the  anode  target,  like  in  ref.  [10]. 
Moreover,  it  allows  time  resolution.  Its  major  disadvantage  lies  in  the 
small  accessible  energy  range,  making  necessary  to  extrapolate  to  higher 
energies. 

All  previous  results  evidence  an  energy  distribution  of  the  electron  beam 
which  is  mainly  poly-energetic,  with  some  energetic  electrons,  and  a  main  part 
composed  of  a  monotonically  decreasing  distribution.  This  latter  has  first,  at 
maximum  of  the  beam  current,  a  multi-exponential  variation,  evolving  towards 
a  mono-exponential  variation  later  on. 

Energetic  hump  in  time  averaged  BEDF  appears  as  being  reasonably  due  to 
run-away  electrons  having  an  energy  equal  to  the  total  instant  discharge  voltage. 
In  fact,  calculation  with  this  hypothesis  using  electrostatic  measurements,  gives 
hump  which  is  similar  to  those  directly  measured  by  magnetic  or  bremsstrahlung 
method. 

Qualitatively,  for  the  all  three  methods,  the  measured  BEDF  is  in  good  agree¬ 
ment  with  the  modeling  of  ref.  [11].  This  reinforces  the  invoked  phenomenology 
of  some  electrons  emitted  from  the  cathode  and  accelerated  at  full  instantaneous 
voltage  in  the  cathode  sheath,  which  then  arrive  on  the  anode  without  having 
experienced  any  collision,  and  of  slower  electrons  composed  of  primaries  having 
suffered  some  collisions  and  of  resulting  secondaries. 

The  question  remains  of  estimating  if  the  obtained  BEDF  is  specific  to 
our  devices,  and  to  point  out  its  interest.  It  seems  reasonable  to  admit  that 
pseudospark- like  devices  give  comparable  BEDF,  but  with  a  specific  ratio  be¬ 
tween  run-away  electrons  and  energy  distributed  electrons  due  to  the  discharge 
configuration  and  the  pressure  in  the  analysis  chamber,  which  means  different 
propagation  conditions.  The  analysis  distance  from  the  anode  also  plays  a  ma¬ 
jor  role.  For  instance,  measurements  presented  in  ref.  [8]  are  made  about  6  cm 
downstream  on  a  beam  extracted  from  a  classical  multi-gap  pseudospark  through' 
a  0.5  mm  diameter  anode  hole,  providing  only  run-away  electrons.  In  [5]  it  is 
only  the  fast  component  of  the  BEDF  that  was  measured,  but  without  the  slower 
electrons,  which  was  probably  due  to  both  the  type  of  detection  and  the  large 
distance  from  the  anode,  as  pointed  out  in  [10],  Recently,  it  has  been  shown  [15] 
that  in  the  case  of  multi-gap  structure,  the  slow  electrons  are  better  collimated 
and  that  run-away  and  distributed  electrons  are  less  separated  in  time  than  in 
the  case  of  classical  pseudospark.  Thus,  we  think  that  a  poly-energetic  distribu¬ 
tion  is  a  characteristic  of  beams  produced  by  the  pseudospark  discharge  family, 
opening  perspectives  for  radiation  source  development. 


4.  Beam  propagation  conditions 


4.1.  Magnetic  monitoring 

Fig.  12  illustrates  beam  ability  to  be  moved  along  anode  diameter  keeping 
roughly  its  properties  if  magnetic  field,,  provided  by  external  coils,  is  acting  in 
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FIG.  12.  Holes  drilled  in  an  anodic  foil  target  when  the  beam  trajectory  is  monitored 
with  a  magnetic  coil  surrounding  the  tube  in  the  cathodic  region. 


the  cathodic  region.  Here  demonstrated  by  the  fact  that  the  hole  characteristics 
remain  unchanged,  this  ability  has  been  also  proved  by  the  X-ray  emission  from 
point-like  sources  which  have  been  measured  before  drilling  [16].  We  suppose  that 
the  electrons  are  deflected  inside  the  cathode  at  low  velocities  during  the  beam 
generation,  and  then  are  accelerated  to  the  potential  applied  to  the  cathode- 
anode  gap.  In  this  way  it  is  possible  to  control  the  coupling  of  the  beam  with 
different  targets  inside  the  discharge  tube. 


4.2.  Electron  beam  ion  trap 

A  well  known  condition  for  a  monoenergetical  electron  beam  to  propagate  with¬ 
out  any  divergence  is  : 

(4.1) 

where  v  is  the  beam  velocity  and  c  the  light  velocity,  and  rii  are  the  respective 
densities  of  beam  electrons  and  plasma  ions.  This  condition  ensures  that  electric 
field,  created  by  the  space  charge,  and  the  magnetic  field,  created  by  the  beam 
current,  exert  counterbalanced  radial  forces  on  any  beam  electron.  Condition 
(4.1)  could  be  satisfied  by  the  ions  from  auxiliary  discharge  inside  Ki ,  but  outside 
it  can  only  involve  the  ions  created  by  the  beam  itself.  For  secondary  electrons  the 
magnetic  force  is  small  and  they  are  expelled  from  the  axial  region.  Consequently, 
the  electron  beam  becomes  surrounded  by  a  thin  layer  of  positive  charge  which 
ensures  the  vanishing  of  the  electric  field  at  the  limit  of  the  neutral  plasma.  The 
fast  electrons  which  lose  energy  by  collisions  are  still  kept  along  the  beam  by  the 
radial  potential  pockets  due  to  this  double  layer  and  eventually  regain  energy 
from  the  axial  electric  field,  while  the  secondary  electrons  are  rapidly  removed. 

On  the  other  hand,  the  potential  seen  by  the  ions  looks  similar  to  a  simple 
potential  well,  whose  characteristics  were  inferred  in  [17]  and  [21]  as  shown  on 
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Fig.  13a  under  the  assumption  of  a  uniform  radial  ion  density  and  a  constant 
beam  electron  density.  In  spite  of  the  high  electron  space  charge  in  which  the 
ions  are  embedded,  the  recombination  is  negligible  due  to  the  velocity  mismatch 
between  the  beam  electrons  and  the  ions. 


a 


b 


Fig.  13.  Model  of  radial  static  equilibrium  electric  field  Er  and  potential  U  within  the  axial 
electron  beam  [21]:  (a)  free  cathode- anode  space  (b)  with  an  axial  dielectric  fiber  (DF). 


4.3.  Cruise  effect 

The  ’’cruise  effect”  (CE)  has  been  evidenced  in  [18].  It  consists  in  the  ability  of 
a  dielectric  fiber  to  capture  and  guide  the  beam  when  disposed  roughly  parallel 
to  this  latter,  at  a  small  distance  (typically,  lower  than  2  mm). 

The  plasma  brightness  associated  to  the  beam  is  an  easy  way  for  CE  obser¬ 
vation,  as  illustrated  in  Fig.  14a  in  an  experiment  using  the  configuration  shown 
on  Fig.  Ic  with  the  fiber  disposed  axially  between  K1  and  Al.  In  contrast  the 
effect  is  reversed  when  the  dielectric  fiber  is  replaced  by  a  metallic  wire.  Fig.  15 
shows  a  situation  using  configuration  of  Fig.  lb  when  the  dielectric  fiber  is  short¬ 
ened  and  continued  by  a  floating  metallic  wire  exhibiting  the  beam  successively 
captured  by  the  fiber  and  repelled  by  the  metallic  wire,  that  is  easily  explained 
by  the  fact  that  charging  of  the  wire  is  then  negative. 

CE  is  associated  to  a  beam-fiber  interaction  which  leads  to  a  visible  fiber 
fluorescence  and  to  X-rays  emission  measured  both  outside  and  inside  the  fiber 
itself.  This  emission  has  been  investigated  as  a  function  of  the  dielectric  material, 
and  of  its  geometry  and  size.  Besides  classical  measurements  using  a  scintillator 
mounted  outside  the  discharge,  for  outwards  X  emission  from  cylindrical  fiber. 
Fig.  14b  evidences  measurements  of  inwards  X-ray  emission,  corresponding  to 
experiment  of  Fig.  14a.  In  this  last  case,  CE  effect  is  in  fact  produced  by  a 
ceramic  cylinder  containing  a  scintillating  fiber  surrounded  by  a  layer  shielding 
against  visible  light.  CE  was  also  achieved  with  a  quasi-planar  geometry  [19] 
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FIG.  14.  Cruise  effect:  (a)  light  around  a  ceramic  cylinder  (b)  corresponding  X  inwards 
emission  detected  with  inner  scintillating  fiber. 


consisting  of  a  low  conductivity  ferrite  cylinder  4  mm  in  diameter  placed  parallel 
to  the  discharge  tube  axis.  Under  proper  pre-ionization  conditions,  a  2  cm  long 
filamentary  discharge  develops  along  the  cylinder  surface,  associated  with  X-ray 
emission.  Since  no  damage  of  the  ferrite  surface  was  observed,  the  CE  seems  to 
provides  a  mechanism  of  X-ray  generation,  different  from  that  proposed  in  [20] 
in  which  the  pre-ionization  of  the  gas  adjacent  to  the  dielectric  surface  plays  a 
critical  role. 

The  CE  can  be  described  qualitatively  by  extending  the  previous  ion  trap 
model.  Due  to  the  high  secondary  electron  emission  by  the  dielectric  fiber,  this 
latter  is  biased  by  superficial  positive  charge  along  its  surface  [21],  adding  to 
the  previous  potential  well  a  small  climb  in  a  layer  surrounding  the  fiber,  which 
gives  thus  an  inward  force  for  the  beam  electrons  (cf.  Fig.  13b).  As  a  result,  the 
beam  is  captured  by  the  fiber  and  is  ’’dressing”  it.  The  ions,  although  repelled 
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by  the  fiber  in  this  layer,  have  gained  enough  kinetic  energy  in  the  potential  well 
to  be  able  to  carry  current  on  the  fiber,  in  a  dynamic  equilibrium  with  the  beam 
electron  current  which  tends  to  neutralize  it.  Similarly,  electrons  emitted  by  the 
fiber  undergo  energizing  collisions  with  the  beam  electrons,  allowing  them  to 
overpass  the  potential  barrier  layer  and  to  access  the  surrounding  region  where 
they  are  expelled,  alike  volume  secondary  electrons. 


FIG.  15.  Effect  of  an  axial  metallic  wire  following  a  dielectric  fiber. 

In  reference  to  capillary  discharges  where  hard  X-rays  emission  results  from 
the  bremsstrahlung  following  the  fast  electron  interaction  with  the  walls,  this 
system  has  been  called  ’’inverse  capillary  discharge”  [21].  It  presents  as  an  im¬ 
portant  advantage  the  possibility  to  use  also  the  ablation  plasma  from  the  fiber 
surface  for  a  better  cruising  of  the  beam. 


5.  Conclusions 

Applications  of  pseudospark  discharges  have  been  extensively  reported  in  confer¬ 
ence  workshop.  We  shall  only  mention  those  resulting  specifically  from  previously 
detailed  characteristics  of  the  produced  electron  beams. 

In  fact,  we  have  shown  that  the  energy  distribution  function  of  electron  beams 
created  in  the  studied  discharge  is  composed  of  some  run-away  electrons  with 
energy  corresponding  to  the  total  instant  discharge  voltage,  and  of  a  main  part 
composed  of  monotonically  decreasing  distribution.  Ail  pseudospark-like  dis¬ 
charges  probably  have  comparable  BEDF,  thus  offering  the  double  potential 
ability  of  thermal  evaporation  of  solid  target  by  the  energetic  part,  and  the 
excitation  of  extracted  atoms  by  low  energy  electrons,  that  could  be  useful  in 
elementary  analysis. 

Specific  advantage  of  the  presented  configurations  lies  in  its  good  repro¬ 
ducibility,  due  to  both  the  auxiliary  discharge  and  the  absence  of  internal  slits 
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and  correlative  erosion,  and  also  in  easy  optical  access  to  the  complete  anode- 
cathode  interval.  This  allows  applications  as  spectroscopical  source  of  the  fila¬ 
mentary  light  initiated  by  the  electron  beam,  purity  conditions  being  ensured  by 
use  of  totally  external  electrodes. 

Moreover,  the  possibility  of  monitoring  the  position  of  the  beam  while  main¬ 
taining  its  properties  extends  the  classical  applications  of  its  interactions  with  a 
solid  anodic  target. 

In  particular,  it  is  possible  to  scan  the  target  in  the  case  of  elementary  analysis 
based  on  X-rays. 

Preliminary  tests  also  proved  the  possibility  to  reduce  discharge  tube  dimen¬ 
sions  in  order  to  obtain  pulsed  X-ray  sources  of  small  size. 

Finally,  the  easy  access  to  the  beam  path  allowed  among  others  the  evidence 
of  the  cruise  effect  and  one  of  the  first  projected  application  of  this  effect  is 
to  pump  nuclear  isomers  for  gamma-ray  laser  studies  [211.  In  fact,  depletion 
of  certain  K-quantum  number  nuclear  isomers  such  as  ^^^Hf  may  be  achieved 
by  up-conversion  with  X-rays  [22].  A  successful  first  photon  induced  gamma 
emission  experiment  with  this  isomer  has  recently  been  reported  [23],  showing 
that  the  irradiation  by  X-ray  photons  with  the  energy  of  the  order  of  some  tens 
of  keV,  can  induce  the  prompt  release  of  the  2.5  MeV  stored  by  the  isomer  into 
freely  radiating  states.  Relativistic  electron  beams,  cruising  around  a  dielectric 
fiber  containing  such  an  isomer,  would  generate  bremsstrahlung  X-ray  emission 
mainly  concentrated  along  the  dielectric  fiber  inside  a  cone  with  an  opening  angle 
of  2(1  —  thus  providing  a  very  good  coupling  to  the  active  medium 

[19].  A  deeper  understanding  of  the  most  favorable  optical  pumping  sources 
and  interaction  mechanisms  of  low-energy  photons  with  atomic  nuclei,  such  as 
photon  induced  gamma  radiation  from  isomeric  nuclei,  could  pave  the  way  to 
the  extraordinary  physics  and  applications  of  the  "ultimate  light”  of  gamma-ray 
lasers. 
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The  experimental  results  are  presented  on  the  plasma  parameters  and  hysteresis  effect  for 
magnetron  discharge  produced  in  reactive  gas  mixture  as  Ar/N2  and  Ar/02  with  copper,  and 
titanium  target.  Most  of  the  primary  fast  electrons  are  trapped  by  local  magnetic  field  in 
front  of  the  cathode,  while  the  electron  population  in  the  unmagnetized  plasma  region  can  be 
approximated  as  bi- Maxwellian  one  with  their  temperature  in  the  range  of  about  0.5  eV  to 
1  eV  for  cold  electrons  and  in  the  range  of  3  eV  to  12  eV  for  hot  electrons,  respectively. 

The  hysteresis  effect  was  studied  with  the  use  of  a  method  based  on  time  variation  of  the 
potential  and/or  current  of  the  discharge.  Enhancing  and  diminishing  of  the  hysteresis  area  can 
be  obtained  versus  time  rate  of  increasing  and  decreasing  respectively  of  the  cathode  potential 
or  of  the  discharge  current.  A  qualitative  description  of  the  hysteresis  is  proposed  starting  from 
the  symmetry  breaking  in  the  evolution  of  both  surface  and  volume  phenomena  following  the 
relaxation  processes  after  rapidly  increasing  and  decreasing,  of  the  discharge  current. 


1.  Introduction 

Magnetron  sputtering-deposition  systems  have  wide  applications  especially  for 
the  high  rate  deposition  of  thin  metal  and/or  dielectric  films  with  good  film 
adhesion  and  under  fairly  good  control  of  technological  parameters.  Since  con¬ 
ventional  magnetron  system  was  primarily  used  [1-3]  it  was  a  continue  developing 
in  both  scientific  knowledge  of  its  physical  properties  and  diversification  of  the 
magnetron  type.  Today  a  number  of  good  review  articles  and  chapters  are  avail¬ 
able  on  the  subject  [4  -  12], 

An  important  step  forwards  was  made  when  the  reactive  sputtering  was  pro¬ 
posed  for  quite  complex  compound  films  deposition.  Reactive  sputtering  is  a 
non-linear  process  which  implies  rather  intricate  physical  and  chemical  processes 
which  usually  exhibits  hysteresis  effects  causing  instabilities  under  some  circum¬ 
stances  [13  -  23].  In  the  earlier  stage  of  understanding  of  the  mechanism  of 
the  magnetron  discharge,  the  physical  model  assumed  three  main  parts:  target, 
plasma  region  and  substrate.  The  experimental  results  have  shown  that  each  of 
these  parts  may  contribute  to  hysteresis  effect. 
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Target^  as  the  cathode  of  the  discharge,  is  also  an  origin  of  the  sputtered 
material  which  can  be  a  pure  metal,  compound  or  both.  Reactive  sputtering 
often  switches  between  the  metal  mode  and  the  compound  mode,  which  may 
correspond  to  the  unstable  transition  region.  Plasma  is  the  active  medium  which 
assure  mainly  the  flux  of  fast  particles,  ions  and  neutrals.  These  particles  hit 
the  target  producing  both  electron  emission  and  sputtering  of  the  target  atoms. 
In  a  rather  simple  and  convincing  experiment  Larsson  et  all.  [18]  have  shown 
that,  e.g.,  if  the  pumping  speed  is  high  enough  a  smooth  transition  between 
the  different  sputtering  modes  can  be  obtained.  Quite  recently  Bretagne  et  al. 
[23]  have  made  a  modelling  has  made  of  a  radiofrequency  magnetron  discharge 
in  which  the  effects  of  atomic  and  molecular  reactive  gas  species  by  elementary 
processes  within  the  plasma  volume  and  the  getter  effect  of  the  chamber  walls 
were  considered.  Substrate  is  a  floating  or  biased  electrode  on  which  the  sputtered 
material  might  be  deposited  as  thin  solid  films  [24].  Experiments  using  a  reactive 
gas  inlet  laying  directly  on  substrates  have  provided  directly  visualised  insights 
into  the  mechanism  of  reactive  sputtering  of  Al,  Ti  and  Zn  [25].  Thus,  for 
materials  like  Al  and  Ti  reactive  gas  concentration  effects  alone  can  produce 
fully  oxidised  films  but  for  Zn  the  negative  oxygen  ions  play  the  dominant  role 
in  oxidation.  Moreover,  the  purpose  of  controlling  film  stoichiometry  has  made 
Affinito  and  Parsons  [26]  find  the  relationships  between  processes  occurring  on 
the  target  surface,  substrate  surface  and  plasma  of  the  magnetron  discharge. 

Most  of  the  experiments  have  shown  that  the  mechanism  of  the  discharge 
is  rather  complicated  and  a  quantitative  description  has  to  consider  also  other 
phenomena  such  as:  a  gas  density  reduction  as  non-linear  process  with  discharge 
current  [27],  a  sputtering  wind  which  is  nothing  but  energetic  particles,  coming 
from  the  cathode  region,  colliding  with  the  ambient  gas  and  pumping  it  [28]  or 
an  effect  of  energetic  particle  bombardment  on  the  film  deposition  [29,  30]  and 
so  on.  Moreover,  some  of  these  phenomena  appeared  to  be  very  important  in 
the  reactive  discharges. 

Thus,  Berg’s  research  group  earlier  presented  a  computer  based  model  for  a 
single  target,  one  reactive  gas  sputtering  process  [31]  which  has  been  extended 
and  successfully  applied  to  multi-target  reactive  sputtering  [32]  and  reactive 
sputtering  using  two  reactive  gases  [33].  Recently,  the  model  was  applied  for 
receptive  sputter  deposition  of  two- phase  materials  [34] .  The  model  is  based  on 
simple  physical  relations  in  which  the  reactive  gas  molecule  or  atom  is  assumed 
to  stick  to  the  surfaces  with  a  characteristic  sticking  probability  (as  sticking 
coefficient)  where  non-reacted  metal  is  present.  So,  the  compound  on  target 
surface  contains  more  reactive  gas  atoms  than  compound  alone. 

In  this  paper,  besides  a  short  general  review  on  the  reactive  magnetron  dis¬ 
charge,  with  more  specific  discussions  on  hysteresis  effect,  new  developments 
are  proposed  for  plasma  diagnostics  and  for  analysis  of  the  hysteresis  effect  in 
the  reactive  magnetron  discharges.  As  plasma  diagnostics  is  concerned  a  short 
presentation  is  made  for  a  new  method  for  processing  of  the  probe  character¬ 
istics  under  approximation  of  bi-Maxwellian  electron  distribution  function  or 
Maxwellian  electrons  and  negative  ions  [35  -  40].  The  method  developed  for  sta¬ 
tionary  plasma  can  also  be  used  for  non-stationary  one.  The  hysteresis  effect  is 
studied  with  the  use  of  transitory  phenomena  then  when  the  discharge  current  is 
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changed  cis  a  step  function  between  two  constant  values.  A  direct  correlation  has 
been  found  between  variation  of  the  discharge  voltage  and  the  partial  pressure 
of  the  reactive  gas  components,  that  may  provide  new  information  about  the 
mechanism  of  the  hysteresis  effect. 


2.  Experimental  set-up 

The  experimental  apparatus  is  shown  in  Fig.  1.  The  magnetron  -  105  mm  in 
diameter  is  circular.  The  peak  magnetic  field  measured  at  the  target  (cathode) 


Fig.  1.  Experimental  set-up. 

surface  induced  by  the  annular  magnet  assemble  was  in  the  35  mT  range.  The 
magnetron  was  operated  in  a  d.c,  mode  but  cathode-anode  potential  was  either 
linear  sweep-out  or  pulse  operation  using  a  high  voltage  computer-controlled 
power  supply.  The  latter  was  operated  in  a  constant-current  mode  [41,42]. 

Copper  and  titanium  targets  have  been  used  in  a  water-cooled  system.  Thin 
films  were  deposited  on  cleaned  stainless-steel  substrates  that  were  mechanically 
clamped  to  a  heater  used  as  a  sample  holder.  Near  the  substrate  holder  a  quartz 
crystal  microbalance  was  mounted  in  front  of  the  target  at  a  distance  of  about 
5  cm  from  its  centre. 

The  stainless  steel  discharge  chamber  was  pumped  to  about  10“^  mbar  with 
the  use  of  an  oil-diffusion  pump  equipped  with  a  freon  trap.  Argon  and  oxygen 
and/or  nitrogen  were  leaked  into  the  system  at  rates  controlled  by  three  mass 
flow  controllers  (Ri,  R2,  and  R3)  and  the  total  pressure,  p,  was  recorded  by  a 
Scheffer  Barocel  gauge  (V  and  MS).  Both  the  neutral  gas  atoms  and  ions  were 
pursuit  with  the  use  of  either  a  residual  gas  analyser  or  a  plasma  monitoring 
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probe  (Hyden  Analytical  computer-controlled  quadrupol  mass  spectrometer  - 
QMS). 

The  Oriel  spectrometer  was  also  used  for  registration  of  the  optical  spectra 
(OES). 

The  plasma  parameters  such  as  electron  number  density  and  temperature 
were  measured  with  the  use  of  a  plane  Langmuir  probe  (tantalum  plate,  disk 
shape,  of  2  mm  diameter)  and  a  data  acquisition  system  (FASTLAB). 

The  properties  of  the  thin  films  deposited  on  the  sample  were  ex-situ  analy¬ 
sed  by  different  methods  such  as  scanning  electron  microscopy  (SEM)  for  surface 
morphology;  Auger  electron  spectroscopy  (AES)  and  Rutherford  backscattering 
spectroscopy  (RBS)  for  the  film  density;  X-ray  photoelectron  spectroscopy  (XPS) 
for  chemical  composition;  X-ray  diffraction  (XRD)  to  confirm  the  XPS  peek  and 
crystal  structure;  low  energy  electron  induced  X-ray  spectrometry  (LEEIXS) 
[41].  The  properties  of  the  films  were  analysed  versus  plasma  parameters  and 
sample  temperature.  These  results  are  not  presented  in  this  paper. 


3.  Plasma  parameters 

Characterisation  of  magnetron  discharge  plasma  by  Langmuir  probe  was  made 
by  Rossnagel  and  Kaufman  [43].  The  plasma  potentials,  electron  temperature, 
and  electron  densities  have  been  measured  at  low  and  intermediate  discharge 
currents  of  a  conventional  planar  magnetron  in  argon  or  helium  gas.  Induced 
drift  current  in  circular  planar  magnetron  was  also  measured  with  th  use  of  a 
magnetic  probe  based  on  Hall  effect  sensor  [44]. 

Major  restrictions  must  be  considered  with  respect  to  Langmuir  probe 
method  for  plasma  diagnostics  in  magnetron  discharges.  These  restrictions  are 
related  to:  i)  possibility  of  the  probe  melting  for  high  density  of  the  discharge 
current;  ii)  probe  contamination  by  deposition  of  the  material  sputtered  from 
the  target;  iii)  absence  of  a  probe  theory  for  plasma  placed  in  inhomogeneous 
magnetic  field;  iv)  presence  of  positive  ions  with  different  masses,  charges  and 
nature,  including  negative  ions  in  the  case  of  the  reactive  gases  as  oxygen  or  SFe; 
v)  non- Maxwellian  electron  distribution  function,  and  so  on. 

These  restrictions  have  been  made  to  limit  plasma  diagnostics  for  the  plasma 
regions  rather  far  from  the  target  where  the  presence  of  the  magnetic  field  can  be 
neglected  [43].  Different  methods  have  been  used  for  probe  cleaning  by  suitable 
probe  bias  either  very  negative,  for  probe  sputtering  by  ion  bombardment  or 
more  positive  with  respect  to  the  plasma  potential  in  order  to  heat  up  the  probe 
by  electron  bombardment.  Very  recently  a  scanning  Langmuir  probe  (PMT 
Fast  Probe)  [45]  was  used  for  plasma  diagnostics  in  a  HF  reactive  discharge.  A 
detailed  analysis  of  the  probe  in  the  discharge  plasma  was  made  by  Godyak  [46], 
in  connection  with  finding  of  the  electron  distribution  function. 

In  the  following  a  short  presentation  will  be  made  about  a  new  development 
of  the  probe  method  used  for  plasma  diagnostics  under  approximation  of  bi- 
Maxwellian  electron  distribution  function  [35,  36]  or  Maxwellian  electrons  and 
Maxwellian  negative  ions  [37  -  39]. 

In  the  case  of  a  bi-Maxwellian  approximation  of  the  EDF,  the  electron  current 
of  the  probe  is  given  by 
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(3.1)  I{U)  =  /oi  exp  [a  [U  ^  Vi)  +  {U  ~  , 

where  the  new  quantities  associated  to  the  electron  temperatures  Ti  and  T2 
respectively  are; 


(3.2) 


and  the  electron  saturation  currents  given  by  each  group  of  electrons: 


(3.3) 


/oi  =  nieA 


and 


h2  =  n2eA 


where  ni  and  n2  are  the  electron  densities  of  each  of  two  groups,  e  and  m  electron 
charge  and  mass,  k  the  Boltzmann  constant  and  A  the  surface  area  of  the  plane 
probe. 

The  main  idea  of  the  method  starts  from  the  general  properties  of  the  expo¬ 
nential  functions  which  allow  to  construct  two  functions.  The  first  one  is  called 
’Test  function”  [37]  and  it  has  the  expression: 


(3.4)  F{U)  =  l"l  -  (j')2  =  0 

where,  I'  =  dl/dU  is  the  first  and  I"  =  dl/dU  is  the  second  derivatives  of  the 
probe  current. 

In  the  case  of  bi-Maxwellian  EDF,  given  by  (3.1),  the  ”so  called”  the  semilog- 
arithmic  characteristic  of  the  test  function  shows  a  linear  dependence  on  probe 
potential  as: 


(3.5) 


Fi(f7)  =ln 


=  {a  +  b){U-  Vp)  +  In  [(a  -  b)  /oi4]  • 


The  linear  dependence  (3.5)  gives  two  main  pices  of  information.  First,  the 
electron  energy  range  in  which  the  bi-Maxwellian  approximation  is  valid  and 
second,  its  slope  B  gives  the  sum  of  the  quantities  a  and  b: 


(3.6) 

The  second  function  is: 


a-\-b  =  B, 


(3.7)  =  - —=ab=C 

With  the  use  of  3.6  and  3.7  the  analytical  relation  for  the  temperature  of  the 
two  groups  of  electrons  can  be  written  as: 


(3.8) 
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Moreover,  from  the  electron  current  of  the  probe  at,  e.g.  the  plasma  potential, 
I{Vp)^  and  its  derivative  in  the  same  point  l'  {Vp),  the  analytical  relations  for  the 
densities  of  the  two  groups  of  electrons  can  be  obtained  as: 


(3.9) 


fcTi  fjVp)  -  bljVp) 
2'Km  a  —  b 


^^  =  7a 


kT2  al iVj>)  -  fjVp) 
2'Km  a  —  b 


The  argon  plasma  parameters  in  magnetron  discharge  were  measured  with 
the  use  of  this  method.  In  Fig.  2  both  radial  and  axial  distributions  of  plasma 
parameters  are  presented  for  discharge  current  of  0.15  A  and  gas  pressure  7.8  * 
10“^  mbar  and  copper  cathode.  In  contrast  with  previous  results  reported  by 
Rossnagel  and  Kaufman  [43],  this  new  method  shows  two  Maxwellian  groups 
of  electrons  with  temperatures  in  the  range  of  0.5  eV  (cold  electrons)  and  3 
to  about  12  eV  (hot  electrons)  respectively,  as  is  presented  if  Fig,  2a.  Cold 
electrons  have  almost  uniform  temperature  in  the  whole  plasma  volume,  except 
cathode  region  where  the  magnetic  field  is  present  and  the  probe  method  should 
be  reconsidered.  On  the  contrary,  hot  electrons  have  a  large  gradient  for  both 
radial  and  axial  directions  with  increasing  temperature  towards  cathode  region 
where  the  magnetic  field  is  present  and  only  hot  electrons  seem  to  be  present. 
Spatial  distributions  of  the  electron  density  of  these  two  groups  of  electrons 
are  presented  in  Fig.  2b.  Both  groups  of  electrons  show  a  large  gradient  of 
density  for  both  radial  and  axial  directions.  Near  the  cathode,  density  of  the  hot 
electrons  is  larger  than  that  of  the  cold  electrons  but  in  a  distance  of  about  4  cm 
from  the  cathode,  density  of  the  hot  electrons  decrease  drastically  and  density 
of  cold  electrons  increases  so  they  become  dominant  in  the  rest  of  the  discharge 
chamber. 

The  origin  of  these  two  groups  of  electrons  might  be  like  that  in  the  case 
of  multipolar  plasma  confinement  system  [40,  47].  Thus,  the  main  ionisation 
process  is  due  to  electron  -  neutral  collisions,  which  are  localised  in  the  magnetic 
field  region.  In  this  region,  the  energetic  electrons  originated  at  the  cathode, 
are  trapped  and  due  to  inelastic  collisions  (ionisations  and  excitations)  they 
may  produce  two  other  populations  of  thermalised  electrons.  One  of  them  is  so 
called  ’’ultimate”  [48]  or  cold  electrons  [49]  which  steam  directly  from  ionisation 
process.  These  electrons  have  rather  low  temperature  (around  1  eV)  so  that  they 
are  trapped  in  the  potential  well  of  the  discharge  plasma,  which  has  a  positive 
potential  with  respect  to  the  anode  potential  as  is  presented  in  Fig.  2c  [43, 
47].  Their  temperature  is  rather  uniform  across  entire  plasma  volume  and,  in 
the  most  cases,  it  does  not  depend  on  other  parameters  such  as  gas  pressure  or 
discharge  current. 

The  second  group  of  thermalised  electrons  is  composed  by  so  called  ’’sec¬ 
ondary”  [47,  48]  or  ’’hot”  electrons  [40,  48  -  50]  and  their  temperature  may 
range  between  3  eV  to  more  as  12  eV.  Their  spatial  distributions  of  both  tem¬ 
perature  and  density  are,  in  most  cases,  non-uniform.  Both  distributions  and  the 
absolute  values  of  these  parameters  depend  strongly  on  gas  pressure,  discharge 
current  and  geometry  of  the  discharge.  The  origin  of  the  secondary  electrons  is. 
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mainly,  the  degrading  process  of  the  primaries  that  loose  energy  by  inelastic  col¬ 
lisions  with  neutrals.  Such  electrons  might  be  also  involved  in  some  elementary 
processes  as  step  ionisations  by  collisions  with,  e.g.  metastables. 


FIG.  2.  Radial  and  axial  distributions  of  electron  temperatures  (a),  electron  densities  (b)  and 
of  the  plasma  potential  (c)  in  front  of  the  copper  target.  Argon  pressure  7.8  •  10“^  mbar  and 
discharge  current  intensity  of  0.15  A.  Plane  substrate  placed  at  70  mm  from  the  target  radial 
and  axial  distribution  of  electron  temperatures. 

Main  difference  between  magnetron  discharge  and  the  multipolar  confinement 
system  is  that  in  the  former  case  the  magnetic  field  is  placed  in  front  of  the 


428 


G.  Popa  and  V,  Anita 


cathode  so  that  the  primary  electrons  are  trapped  in  that  region  and  they  cannot 
penetrate  plasma  region  in  a  large  number,  while  in  the  latter  the  magnetic  field 
is  in  front  of  the  anode  [51,  52]  so  that  all  primary  electrons  cross  whole  the 
plasma  volume  until  they  are  trapped  by  magnetic  field  and  where  they  produce 
main  part  of  ionisations  and  excitations  of  the  gas  atoms  [52] . 

However,  a  small  number  of  primary  electrons  can  also  be  present  in  the 
plasma  volume  of  a  magnetron  discharge  because  of  the  cathode  regions  where 
there’s  no  magnetic  field  but  where  a  cold  cathode  region  may  develop.  The 
presence  of  fast  primary  electrons  becomes  important  in  the  case  of  unbalanced 
magnetron  discharge  [53  -  55]  where  geometry  of  the  magnetic  field  was  changed 
in  order  to  get  large  ion  and  electron  fluxes  at  substrates  and  high  self-bias 
potentials. 

This  new  method  for  processing  of  the  probe  characteristics  was  also  applied 
for  reactive  plasma  where  Maxwellian  electron  and  Maxwellian  negative  ions 
more  considered  [38,  39].  Similar  measurements  are  under  progress  also  for 
reactive  magnetron  discharge  in  steady  state  system  but  the  method  can  also  be 
used  for  non-stationary  case  using  box  -  car  system  [56]. 


4.  Hysteresis  and  its  analysis  by  transient  processes 

The  second  contribution  in  this  paper  is  related  to  the  hysteresis  effect  and  a  new 
approach  is  proposed.  Essentially  two  types  of  experiments  have  been  performed. 
In  one,  the  cathode  voltage  was  incremented  through  the  range  from  about  200 
V  to  about  600  V  with  different  time  rate  of  change  between  6  V/s  and  600  V/s 
[57]  or  the  discharge  current  in  the  range  of  0.01  A/s  to  0.1  A/s.  In  the  second 
type,  the  discharge  current  was  pulsed  as  a  step  function  between  two  constant 
values  with  variable  of  both  duration  and  frequency  of  the  pulses  [58].  The  gas 
flow  rates  of  both  buffer  and  reactive  gas,  the  time  rate  of  change  of  the  discharge 
potential,  and  the  current  step  have  been  used  as  parameters. 

The  experiments  were  performed  for  three  combinations  such  as:  copper  tar¬ 
get  and  argon-oxygen  mixture,  titanium  target  and  argon-nitrogen  mixture  and 
titanium  target  and  argon  -  nitrogen  -  oxygen  mixture  under  experimental  con¬ 
ditions  that  hysteresis  is  present.  The  typical  hysteresis  curves  of  the  Cu/Ar/02 
case  are  presented  in  Fig.  3.  The  relative  values  of  the  densities  of  the  copper 
atoms  (Fig.  3a)  and  of  the  atomic  oxygen  (Fig.  3b)  versus  oxygen  mass  flow  rate 
are  measured  as  relative  intensity  of  the  spectral  lines  of  521.8  nm  for  Cu  and 
777.4  nm  for  O,  respectively.  For  small  flux  of  oxygen,  less  than  about  2.5  seem 
for  1.0  A  discharge  current  and  2.0  seem  for  0.8  A  discharge  current  respectively, 
the  so  called  metallic  mode  of  the  magnetron  discharge  is  found,  while  above 
these  limits  compound  mode  of  the  discharge  comes  into  place.  The  hysteresis 
is  clearly  presented  at  the  transition  between  these  two  modes.  Moreover,  the 
limit  of  the  oxygen  flux  for  this  transition  shifts  towards  larger  value  with  the 
increase  of  the  discharge  current  intensity. 

In  Fig.  4  the  typical  hysteresis  curve  is  presented  for  copper  target  and 
argon  -  oxygen  reactive  gas  mixture  when  discharge  current  is  constant  (0.8  A) 
but  cathode  potential  is  measured  versus  oxygen  mass  flow  rate.  This  result 
confirms  the  fact  that  electron  emission  at  the  cathode  surface  is  larger,  for 
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a) 


Q  (seem) 


FIG.  3.  Hysteresis  curves  presented  as  relative  variation  of  the  atom  densities  of  copper  (a) 
and  oxygen  (b),  respectively,  versus  oxygen  mass  flow  rate.  The  atom  densities  measured  as 
intensity  of  the  spectral  lines  of  521,8  nm  for  Cu  and  777.4  nm  for  O,  respectively. 

Initial  argon  pressure  9.1  •  10"^  mbar  and  discharge  current  intensity  of  1.0  A 

for  (a)  and  0.8  A  for  (b). 
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FIG.  4.  Hysteresis  curves  as  cathode  potential  variation  versus  oxygen  mass  flow  rate.  Initial 
argon  pressure  of  9.1  •  10“ mbar  and  constant  discharge  current  intensity  of  0.8  A. 
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some  oxide  compound  as  AI2O3,  Si02,  TaO  or  InO  [59  -  62],  than  for  the  pure 
metal  so  that  the  discharge  voltage  decreases  when  the  discharge  passes  from 
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metallic  mode  to  the  oxide  mode.  A  detailed  analysis  on  the  drop  in  the  cathode 
sputtering  rate  with  the  increase  in  oxygen  content  of  the  argon-oxygen  flow 
mixture  accompanied  by  a  sharp  rise  in  the  discharge  current  was  made  by 
Gorganchev  et  al.  [63]  for  cold  cathode  discharge  with  targets  made  of  Al,  Si, 
Fe,  Ta  or  Ag. 

A  different  result  is  obtained  for  TiN  system  where  the  secondary  electron 
emission  coefficient  of  TiN  for  Ar"*"  ions  is  smaller  than  that  of  titanium  [64]. 
In  this  case  the  titanium  nitride  compound  at  the  target  surface  decreases  the 
electron  emission  and  increases  the  cathode  potential  in  order  to  keep  a  constant 
discharge  current.  The  experimental  result  from  Fig.  5  shows  clearly  how  the 
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FIG.  5.  Current-voltage  characteristic  for  d.c.  magnetron  discharge  with  Ti  -  target  and 
Q(Ar)  =  2.35  seem  and  different  nitrogen  mass  flow  rates  Q(N2)=  0  (1);  0.25  (2);  0.50  (3); 
0.75  (4);  1.00  (5);  1.25  (6);  1.50  (7);  1.75  (8)  seem.  Gas  pressure  6.6  ■  10“^  mbarr. 

cathode  potential  changes  from  a  larger  value,  when  the  compound  at  the  cath¬ 
ode  surface  is  present,  to  a  lower  value  corresponding  to  the  metallic  case.  A 
transition  is  obtained  with  increasing  of  the  discharge  current  and  sputtering  of 
the  compound  from  the  target  surface  [65].  Similar  results  were  obtained  in  [66, 
67].  Moreover,  decreasing  of  the  sputtering  rate  for  TiN,  ZrN  and  HfN  compar¬ 
ing  with  Ti  in  Ar/N2  mixture  was  reported  [68],  while  fairly  recently  increasing 
of  the  sputtering  rate  of  TiN  compound  has  been  found  where  Penning  effect  is 
present  in  the  plasma  discharge  due  to  ternary  gas  mixture  as:  Ar/N2/He  or  Ne 

[69]. 

These  results  were  obtained  in  a  so-called  classical  procedure  when  for  each 
experimental  point  the  system  can  be  considered  in  quasiequilibrium  except  for 
the  hysteresis  region  where  the  system  is  unstable.  In  the  following,  the  results 
are  presented  in  which  the  variable  was  the  discharge  current  which  was  changed 
relatively  fast  so  that  either  the  phase  process  can  be  observed  or  relaxation  one. 
Other  parameters  like:  gas  flow  rate,  gas  pressure  or  ratio  of  the  flow  rates  of 
the  components  of  the  gas  mixture  were  used  as  parameters. 
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In  Fig.  6  typical  hysteresis  curves  in  the  current  voltage  characteristics  are 
presented  for  Cu/Ar/02  system  for  a  constant  flow  rate  of  both  components, 
argon  with  0.6  seem  and  oxygen  with  1.9  seem,  respectively.  A  linear  and  sym¬ 
metric  variation  of  the  cathode  potential  was  used  between  360  V  and  600  V, 
but  with  a  variable  frequency  between  0.01  Hz  and  1.0  Hz  respectively.  A  strong 
change,  in  the  hysteresis  shape  and  area,  is  obtained  as  a  function  of  the  fre¬ 
quency  of  the  cathode  potential.  Even  two  loops  of  hysteresis  have  been  obtained 
when  the  sense  of  the  loop  is  changing  from  counterclockwise  to  clockwise  with 
increasing  frequency  of  the  cathode  potential.  Moreover,  hysteresis  is  associ¬ 
ated  with  energy  stored  and  released  in  the  system,  according  to  the  physical 
processes  and  the  corresponding  sense  on  the  loop.  As  it  was  mentioned  the  pro¬ 
cesses  involved  are  very  complex  including  both  surface  and  volume  phenomena 
but  also  external  circuit  of  the  discharge  may  contribute  in  hysteresis  mechanism. 
In  the  following  both  experiments  and  results  are  presented  referring  to  the  time 
evolution  of  composition  and  density  of  the  plasma  particles  and  of  the  surface- 
plasma  impedance.  The  results  allow  at  least  a  qualitative  understanding  of  the 
hysteresis  effect. 


Fig.  6.  Hysteresis  in  the  current-voltage  characteristics  of  the  magnetron  discharge.  Copper 
target,  Q(Ar)  =  0.6  seem  and  Q(02)  =  1.9  seem  and  gas  pressure  6.6  •  10”^  mbarr.  Frequency 
of  the  symmetrical  ramp  voltage  applied  on  the  cathodes  as  parameter. 

The  hysteresis  curve  in  the  current-voltage  characteristic  for  Ti/Ar/N2  sys¬ 
tem  is  presented  in  Fig.  7a.  The  corresponding  dependencies  of  the  relative 
values  of  the  densities  of  the  main  ions  as  (Ti+,  Ar*^,  N+  and  N+^),  measured 
by  mass  spectrometer,  versus  discharge  current  in  the  hysteresis  region  are  pre¬ 
sented  in  Fig.  7b  and  c.  The  ions  were  measured  by  mass  spectrometer  placed 
in  the  J2  position  of  Fig.  1,  with  the  plasma  probe  placed  at  70  mm  from  the 
target.  The  initial  gas  pressure  was  6.5  •  10“^  mbar  and  the  mass  flow  rates 
were:  Q(Ar)=  2.7  seem  and  Q(N2)  =  1.1  seem.  During  linear  increment  of  the 
discharge  current  from  about  50  mA  to  about  0.5  A  in  about  10  s  followed  by 
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FIG.  7.  Current- volt  age  characteristic  (a)  of  a  magnetron  discharge  with  titanium  target  and 
Q(Ar)  =  2.7  seem  and  Q(N2)  =  1.1  seem  and  total  pressure  of  6.6  •  10“^  mbar.  (b)  and  (c) 
the  dependence  of  the  ion  flux  of  Ti"*"  and  Ar*^  (b)  and  N2''‘  and  N'*"  respectively  (c)  versus 
linear  increasing  and  symmetrical  decreasing  of  the  discharge  current  in  10  s. 

symmetric  decrement  to  the  initial  value,  the  densities  of  all  ions  components 
have  a  nonlinear  evolution  which  can  be  associated  to  the  hysteresis  of  the  Fig. 
7a.  Thus,  the  initial  increase  of  the  discharge  current  from  50  mA  (point  a  Fig. 
7a)  to  about  0.15  A  (point  b  Fig.7a)  corresponds  to  the  compound  mode  of  the 
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magnetron  discharge  when  the  target  surface  is  covered  mainly  by  Ti^;  Ny.  In 
this  regime  the  ion  densities  of  Ar+,  and  increase  with  discharge  current 
almost  linearly  but  Ti"*"  is  not  present.  Above  the  limit  of  about  0.15  A  strong 
change  in  all  characteristics  of  Fig.  7  can  be  registered  which  corresponds  to  the 
appearance  of  titanium  ions  (Fig.  7b,  point  b).  That  means  that  the  compound 
from  the  target  surface  was  partly  removed  and  the  pure  metal  surface  starts  to 
be  involved  in  the  mechanism  of  the  discharge.  But,  as  it  was  already  mentioned, 
the  secondary  electron  emission  of  Ti  metal  is  larger  than  that  of  the  compound 
[64]  so  that  the  cathode  voltage  can  decrease  and  a  negative  slope  of  the  I-V 
characteristic  is  registered  (Fig.  7a,  region  be).  This  part  lasts  until  compound 
from  all  target  surface  involved  in  the  magnetic  region  is  removed.  In  the  domain 
the  ion  densities  of  the  gas  components  (Ar"**,  and  N+  )  continue  to  increase 
but  with  higher  rate  because  of  the  increase  of  the  number  of  primary  electrons, 
at  the  cathode  region  (Fig.  7b  and  c,  regions  be).  The  upper  limit  of  this  regime 
is  about  0.375  A.  Above  this  limit  the  metallic  regime  is  dominant  so  that  the 
discharge  current  increases  with  the  discharge  potential  but  with  a  higher  slope 
(Fig.  7a,  region  cd)  because  of  the  higher  secondary  electron  emission  at  the 
cathode,  but  the  ion  densities  of  the  gas  components  start  to  decrease.  This 
decrease  can  be  explained  by  two  processes.  One,  probably  the  most  important, 
is  the  fact  that  ionisation  potential  of  Ti  (=6.84  eV)  is  smaller  than  that  of  any 
gas  components  (15.76  eV  for  Ar,  15.7  eV  for  N2  and  14.54  eV  for  N)  so  the 
sputtered  titanium  atoms  and  their  positive  ions  become  the  main  population 
in  the  plasma  region  in  front  of  the  target.  This  mechanism  might  explain, 
primarily,  the  decrease  of  the  Ar+  ion  density,  while  the  decrease  of  the 
and  N+  ions  can  also  be  explained  by  the  second  mechanism  which  involves  the 
reaction  at  the  substrate  where  the  pure  Ti  metal  is  deposited  as  a  result  of 
the  cathode  sputtering.  Actually,  the  decreasing  rate  of  both  and  ion 
density  (Fig.  7c,  region  cd)  is  larger  than  that  for  Ar+  ions  (Fig.  7b,  region  cd). 

With  decreasing  of  the  discharge  current  back  to  about  50  mA  the  hysteresis 
is  obtained.  The  hysteresis  depends  on  the  time  rate  of  the  change  of  the  dis¬ 
charge  current  (or  potential  as  in  Fig.  6)  being  related  to  the  chemical  reactions 
in  both  plasma  volume  and  active  surfaces.  The  symmetry  breaking  the  depen¬ 
dencies  of  both  neutrals  and  ions’  densities  with  respect  to  the  increasing  and 
decreasing  of  the  discharge  current  show  that  both  surface  and  volume  processes 
are  not  fully  reversible.  Their  time  rates  are  different  when  the  time  rate  of  the 
discharge  current  changes  its  sign.  This  asymmetry  may  qualitatively  explain 
the  hysteresis. 

Some  additional  information  can  be  obtained  by  measuring  time  evolution 
of  the  partial  pressures  or  the  relative  value  of  the  densities  of  both  ions  and 
neutrals  after  step  change  of  the  discharge  current.  Taking  into  account  the  fact 
that  at  the  constant  discharge  current,  at  least  the  ion  flux  at  the  cathode  should 
be  almost  constant,  the  cathode  potential  will  be  fixed  by  the  impedance  of  the 
discharge.  Moreover,  the  discharge  impedance  depends  on  the  plasma  parameters 
and  the  electrical  properties  of  the  thin  layers  on  the  cathode  (target),  anode 
(usually  wall  of  the  discharge  chamber)  and  sample  surface  (in  some  cases). 

A  typical  example  is  presented  in  Fig.8.  The  pulse  of  the  discharge  current 
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FIG.  8.  Time  variation  of  the  discharge  currents  (a),  as  step  function  and  (b)  corresponding 
time  variation  of  the  cathode  potential  Ti  -  target  Q(Ar)  =  1.7  seem,  Q(02)  =  0.3  seem, 
Q(N2)  0.1  seem.  Gas  pressure  6.1  •  10“^  mbarr. 


(Fig.  8a)  for  Ti/Ar/02/N2  mixture  is  presented  together  with  the  time  evolution 
of  the  cathode  potential  (initial  pressure  of  6.1  •  10“^  mbar,  Q(Ar)  =  1.7  seem 
and  Q(02)=  0.3  seem).  Again  there  is  a  large  difference  between  the  relaxation 
processes  after  increasing  of  the  discharge  current  with  respect  to  the  relaxation 
after  its  decreasing  to  the  initial  value  (Fig.  8b) .  Each  of  these  parts  depends  on 
both  gas  pressure  and  composition  and  discharge  current  respectively.  Moreover, 
the  time  evolution  of  the  both  N2  and  O2  partial  pressure  measured  with  mass 
spectrometer  placed  laterally  on  Ji  port  (Fig.  1)  show  that  the  cathode  potential 
follows  the  N2  time  evolution  after  increasing  of  the  discharge  current  (Fig.  9a) 
while  after  decreasing  of  the  discharge  current  to  the  initial  value  the  cathode 
potential  follows  mainly  the  evolution  of  the  O2  partial  pressure  (Fig.  9b).  Thus, 
in  the  former  case,  both  N2  partial  pressure  (Fig.  9a)  and  the  cathode  potential 
(as  in  Fig.  8b),  increase  with  increasing  of  the  discharge  current  intensity  as 
a  step  function  from  40  mA  to  about  200  mA.  But  then,  a  typical  exponential 
relaxation  process  takes  place  in  which  the  N2  partial  pressure  decreases  4  to  5 
times  (Fig.  9b) ,  while  the  cathode  potential  decreases  to  a  value  which  is  about 
10%  less  than  the  peak  value  (Fig.  8b).  There  is  no  particular  behaviour  of 
the  oxygen  partial  pressure  in  this  case  (Fig.  9b).  Increasing  of  the  discharge 
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current  is  followed  by  a  decrease  of  the  partial  pressure  of  the  molecular  oxygen 
towards  a  value  which  depends  on  the  oxygen  flux  and  on  the  discharge  current. 
Because  of  the  chemical  reaction  with  titanium  metal. 


FIG.  9.  Time  variation  of  both  partial  pressures  for  molecular  nitrogen  (a) 
and  molecular  oxygen  (b)  and  oxygen  flux  as  parameter.  Ti-target. 

The  relaxation  constant  time  of  the  molecular  nitrogen  increases  with  increas¬ 
ing  value  of  the  step  discharge  current.  Decreasing  of  partial  pressures  of  both 
molecular  components,  O2  and  N2  show  that  the  sputtered  titanium  metal  react 
with  both  gases  and  the  difference  in  their  reactivity  can  be  observed  at  decreas¬ 
ing  of  the  discharge  current  from  the  higher  value  to  the  initial  one.  The  partial 
pressure  of  N2  follows  almost  instantly  the  discharge  current  while  the  oxygen 
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partial  pressure  increases  more  slowly  (Fig.  9b).  This  fact  can  be  explained  by 
higher  reactivity  of  the  oxygen  with  respect  to  nitrogen.  The  analysis  of  the 
phenomena  related  to  the  relaxation  processes  which  follow  the  step  transitions 
between  two  regimes,  each  of  them  being  characterized  by  constant  discharge  cur¬ 
rent  intensity  are  under  investigations.  The  analysis  of  the  phenomena  related  to 
the  relaxation  phenomena  which  follow  the  step  transition  between  two  stages, 
characterised  by  constant  discharge  current  intensities,  is  under  investigation. 


5.  Conclusions 

•  The  electron  distribution  function  of  a  non-reactive  magnetron  discharge 
can  be  approximated  as  a  bi-Maxwellian  one.  The  origin  of  these  two 
Maxwellian  groups  of  electrons  can  be  explained  by  ionisation  processes 
and  by  degrading  of  the  primary  fast  electrons. 

•  The  hysteresis  effect  can  be  explained  mainly  as  the  result  of  the  compe¬ 
tition  between  sputtering  process  and  formation  of  the  compounds  at  the 
target  surface  related  with  changing  of  the  plasma  parameters  in  front  of 
the  cathode. 
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A  short  review  is  presented  of  our  experiments  on  plasma  controls  for  next-stage  material  and 
device  manufacturings,  which  are  concerned  with  uniform  large-diameter  plasma  production, 
electron- temperature  control,  and  dust-particle  behaviors.  We  can  provide  uniform  high-density 
ECR  and  rf  plasmas,  the  diameters  of  which  aie  larger  than  several  ten  centimeters.  The 
electron  temperature  is  controlled  in  the  range  of  one  or  two  orders  of  magnitude  in  a  region 
separated  from  a  discharge  region.  Basing  on  investigations  of  dust-particle  behaviors  in  low- 
pressure  discharge  plasmas,  we  can  now  establish  a  simple  method  of  dust-particle  removal  from 
dusty  plasmas. 


1.  Introduction 

Weakly-ionized  plasmas  have  been  widely  used  for  various  kinds  of  material  and 
device  manufacturings.  In  order  to  promote  further  progresses  in  these  plasma 
processings,  new  methods  have  to  be  established  for  plasma  production  and 
control.  In  next-stage  large-scaled  processings,  it  is  of  crucial  importance  to 
have  unmagnetized  large-diameter  plasmas  providing  sufficient  ion  flux  uniform 
within  a  few  percents  in  front  of  substrates.  It  is  also  required  to  control  the 
electron  temperature  (or  electron  energy  distribution  function)  in  weakly-ionized 
plasmas.  This  control  is  necessary  to  find  the  best  conditions  for  various  plasma 
processings  because  reactive  processes  occurred  strongly  depend  on  the  electron 
temperature.  In  addition,  the  electron  temperature  is  closely  related  to  the 
plasma  property  and  structure  including  sheath  regions  in  front  of  the  substrates. 
A  removal  of  dust-particles,  which  are  generated  in  reactive  plasmas,  is  also  quite 
important  for  next-stage  dust-free  plasma  processings. 

Here  we  report  our  experiments  carried  out  at  Tohoku  University  from  these 
points  of  view.  In  Section  2,  the  experiments  on  uniform-plasma  production  are 
presented.  Section  3  presents  the  experiments  on  electron- temperature  control. 
Section  4  contains  active  controls  of  dust-particle  behaviors  in  plasmas.  The 
results  are  summarized  in  Section  5. 
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2.  Uniform-plasma  production 

Here,  two  simple  methods  are  presented  of  uniform^plasma  production.  One  of 
the  method  is  based  on  the  electron  cyclotron  resonance  (ECR).  For  the  other 
method,  we  employ  the  magnetron- typed  rf  discharge.  In  the  both  methods, 
weakly-ionized  plasmas  can  be  produced  by  low-pressure  discharges  in  a  vacuum 
chamber,  the  wall  of  which  is  separated  into  two  parts.  The  one  part  is  electri¬ 
cally  grounded.  The  other  part  is  used  as  an  antenna  or  rf  electrode.  Therefore, 
in  principle,  we  need  no  additional  electrode  for  plasma  production  in  the  vacuum 
chamber.  Radial  profiles  of  the  plasmas  are  nonuniform  in  a  region  of  plasma 
production.  But,  radial  plasma  diffusion  makes  the  plasmas  uniform  at  an  ax¬ 
ial  position  a  little  away  from  the  production  region.  We  employ  a  magnetic 
field  to  provide  efficient  plasma  production  and  to  control  plasma  flow  toward 
the  wall  (or  electrode)  which  is  closely  connected  with  plasma  loss  and  particle 
sputtering.  The  magnetic  field,  which  is  generated  by  permanent  magnets,  mod¬ 
ifies  electron  motions  and  is  used  for  plasma-profile  control,  although  there  is  no 
direct  magnetic  effect  on  ions  in  front  of  substrates. 


2,1.  Plane-slotted  antenna  with  magnets 

A  main  feature  of  the  antenna  used  is  shown  in  Fig.  1.  Details  of  the  antenna 
system  have  already  been  described  in  Refs.  [1,  2,  3].  The  antenna,  which  is 


Fig.  1.  Plane  slotted  ECR  antenna  with  FIG.  2.  Radial  profiles  of  plasma  density  ne, 
magnets.  electron  temperature  Te,  and  space  potential 

Vs  of  ECR  plasma  produced. 

situated  at  one  end  of  a  vacuum  chamber,  consists  of  a  back  plate  with  permanent 
magnets  behind  and  a  slotted  plate  separated  from  the  back  plate.  A  microwave 
of  2.45  GHz  is  fed  through  a  coaxial  waveguide  to  satisfy  the  ECR  condition 
(«  875  G)  in  a  region  near  the  magnet  surfaces  in  front  of  the  antenna.  The 
slotted  plate  can  be  covered  with  a  thin  glass  plate.  The  plasma  produced  is 
nonuniform  radially  in  front  of  the  antenna,  depending  on  the  positions  of  the 
slots  and  magnets.  But,  with  an  increase  in  z  (distance  from  antenna  front), 
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inward  plasma  diffusion  makes  the  plasma  profile  flat  in  the  radial  direction. 
Typical  results  are  presented  in  Fig.  2,  where  argon  pressure  1.5  *  10“^  Torr 
and  microwave  power  1  kW.  The  plasma  of  density  rip  1.3  •  10^^  cm“^ 
and  electron  temperature  Te  ^  2.1  eV  is  found  to  be  uniform  within  3%  in  the 
radial  region  of  35  cm  in  diameter  at  z=10  cm.  The  plasma  density  is  almost 
proportional  to  the  microwave  power. 

A  reactive  plasma  produced  by  this  method  was  confirmed  to  yield  uniform 
etching  of  polysilicon  [4].  Changing  the  magnetic  configuration  in  front  of  the 
antenna,  we  can  vary  the  axial  position  for  the  uniform  plasma  profile  in  the 
radial  direction  [2]. 

2.2.  Modified  magnetron- typed  rf  discharge 

A  typical  setup  used  for  the  modified  magnetron- typed  discharge  is  shown  in 
Fig.  3.  A  rf  power  of  13.56  MHz  is  fed  to  a  ring  electrode  [A]  of  55  cm  in 
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FIG.  3.  Setup  for  modified  magnetron-typed 
rf  discharge. 


FIG.  4.  Density  profile  of  rf  plasma 
produced. 


diameter  and  7  cm  long,  which  is  a  central  part  of  a  cylindrical  vacuum  chamber 
of  55  cm  in  diameter  and  15  cm  long.  A  discharge  is  triggered  between  this 
powered  electrode  and  the  other  parts  [C]  of  the  vacuum  chamber,  which  are 
electrically  grounded,  in  the  range  of  argon  pressure  5.0  •  10“^  5.0  •  10”^  Torr. 

Permanent  magnets  [D],  which  are  situated  just  outside  the  cylinder  to  construct 
azimuthal  magnet  rings,  provide  magnetic  mirrors  axially  near  the  inner  surface 
of  the  ring  electrode.  This  magnetic  configuration  enhances  plasma  production 
because  high-energy  electrons  responsible  for  ionization  move  in  the  azimuthal 
direction,  being  well  trapped  in  the  magnetic  mirrors  inside  the  ring  electrode. 
This  motion  of  electrons  reduces  a  potential  drop  in  front  of  the  electrode,  which 
is  closely  connected  with  an  interaction  of  ions  with  the  electrode.  The  plasma 
density  is  found  to  have  a  peak  near  the  electrode  and  decrease  in  the  direction 
toward  the  radial  center.  But,  with  an  increase  in  z  (axial  distance  from  machine 
center),  the  plasma  diffuses  toward  the  radial  center,  flattening  the  radial  density 
profile.  This  modified  magnetron- typed  rf  discharge  [5]  yields  an  almost  uniform 
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plasma  in  the  radial  region  of  40  cm  in  diameter  at  =  ih  6.0  cm  where  substrates 
[B]  can  be  situated,  as  shown  for  argon  pressure  of  1.0  •  10“^  Torr  and  rf  power 
of  200  W  in  Fig.  4.  Now  we  can  produce  a  uniform  plasma  of  density  around 
10^°  cm“^,  the  diameter  of  which  is  larger  than  100  cm  [6,  7].  For  production  of 
such  a  large  uniform  plasma,  a  weak  additional  discharge  near  the  radial  center 
is  useful  for  the  profile  control. 

The  potential  drop  in  front  of  the  ring  electrode  is  changed  by  varying  the 
magnetic  strength  and  configuration.  Therefore  we  can  control  energies  of  ions 
toward  substrates  [8]  and  particle  sputtering  due  to  high-energy  ions  accelerated 
by  the  potential  drop.  In  fact,  we  could  find  the  condition  where  there  is  no 
appreciable  sputtering  from  the  electrode  [9] . 


3.  Electron-temperature  control 

Generally  speaking,  it  is  quite  difficult  to  change  the  electron  temperature  in 
weakly-ionized  plasmas.  In  this  Section,  we  demonstrate  two  methods  used  for 
electron-temperature  control,  which  might  be  useful  in  next-stage  plasma  pro¬ 
cessings.  One  of  them  is  accomplished  by  using  a  pin-hollow  cathode  while 
the  other  employs  a  mesh  grid.  The  both  methods  are  based  on  trapping  of 
electrons  ionized  in  discharge-free  region,  which  is  provided  by  varying  a  local 
discharge  structure.  Therefore,  in  the  both  methods,  there  appears  a  region  of 
low-electron  temperature  in  addition  to  the  discharge  region  of  high  electron 
temperature.  Our  methods  suggest  a  general  principle  of  electron-temperature 
control  in  low-pressure  discharge  plasmas. 


3.1.  Control  by  pin-hollow  cathode 

Here,  the  pin-hollow  cathode  is  employed  for  low-pressure  dc  discharges.  In  a 
typical  setup  shown  in  Fig.  5,  the  cathode  used  consists  of  20  cm-diam  stainless- 
steel  cylinder  with  17  cm-diam  hole  at  the  front  edge  and  0.2  cm-diam  pointed 
stainless-steel  pins  installed  inside  [10].  The  48  pins,  connected  electrically  with 
the  cylinder,  are  set  with  an  equal  separation  on  a  16  cm-diam  circle.  The  pin 
length  5  is  varied  from  0  to  7  cm.  A  low-pressure  gas  discharge  is  triggered 
between  this  pin-hollow  cathode  and  a  30  cm-diam  anode  with  10  cm-diam  hole 
under  a  weak  axial  magnetic  field  of  100  150  G. 

As  found  in  Fig.  6,  for  ^  =  0  cm,  there  appears  a  glowing  plasma  column,  the 
diameter  of  which  is  determined  by  the  cathode  front  hole  in  the  region  up  to  the 
anode.  With  an  increase  in  8^  the  glow  becomes  weak  gradually  in  the  radial  core 
part  of  the  plasma.  For  (5  =  6  ~  7  cm,  the  glow  is  limited  only  in  the  radial  edge 
region.  The  core  plasma  passes  through  the  anode  hole,  being  terminated  by  a 
target.  As  5  is  increased,  the  electron  temperature  Tg  is  observed  to  decrease 
drastically,  being  accompanied  by  a  slight  increase  in  the  plasma  density  rip 
(from  4  •  10^  cm“^  to  6  •  10^  cm“^)  in  this  core  plasma.  For  argon  gas  pressure 
1.0  •  10”^  Torr,  Te(=  2  ~  3  eV  for  5  =  0  cm)  decreases  by  an  almost  one  order 
of  magnitude  as  6  is  increased  up  to  7  cm.  This  result  is  ascribed  to  enhanced 
trapping  of  primary  electrons  in  the  potential- hill  structure  formed  by  the  pins 
in  the  cathode. 
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200mm - WITH  PINS  ANODE 


FIG.  5.  Setup  for  electron  temperature  FIG.  6.  Plasma  structures  changed  by  pin 

control  using  pins  installed  in  a  hollow  position, 

cathode. 


With  a  decrease  in  Tg,  there  appear  drastic  changes  in  the  densities  of  ion  and 
radical  species  in  reactive  plasmas.  Typical  effects  of  the  electron  temperature 
on  reactive  processes  have  been  described  in  Refs.  [11,  12]. 


3.2.  Control  by  mesh  grid 

A  typical  setup  for  the  electron-temperature  control  by  a  mesh  grid  is  shown  in 
Fig.  7.  A  plasma  of  rip  =  10^  ^  10^^  cm“^  and  Tg  of  a  few  eV  is  produced  by  a 
low-pressure  argon  discharge  in  a  region  (I),  diffusing  through  a  coarse  mesh  grid 
into  a  region  (II).  As  shown  also  in  Fig.  7,  at  z  (distance  from  grid)—  0.2  cm, 
we  can  recognize  high-energy  electrons  passed  through  the  grid.  At  z  =  0.4  cm, 
however,  there  appear  low-energy  electrons.  As  z  is  increased,  their  density 
increases  while  high-energy  electrons  disappear  gradually.  At  z  >  2.0  cm,  there 
are  only  low-energy  electrons  with  density  higher  than  that  in  the  region  (I), 
where  we  can  neglect  effects  of  the  grid  potential  Vq.  In  Fig.  8,  Tg  at  z=7.0  cm 
in  the  region  (II)  is  plotted  against  Vq  for  various  grid  mesh  sizes  [mesh  size: 
0.25(open  circles)  -  6.8(closed  squares)mm].  There  is  a  quite  drastic  effect  of  Vq 
on  Tg.  We  can  obtain  Tg  =  0.035  eV,  lower  by  almost  two  orders  of  magnitude 
than  that  in  the  region  (I)  [13].  The  result  is  understood  by  taking  account 
of  ionization  in  the  region  (II).  Since  the  space  potential  is  lower  in  the  region 
(II)  than  in  the  region  (1),  higher-energy  electrons  passing  through  the  grid  lose 
their  kinetic  energy.  But,  some  of  them  have  the  energy  still  large  enough  to 
ionize  atoms  in  the  region  (II).  Electrons  produced  there  are  not  responsible  for 
maintaining  the  discharge.  Therefore,  there  is  no  reason  for  these  electrons  to 
have  such  a  high  energy  as  in  the  region  (I). 

In  this  example  of  the  electron- temperature  control,  the  plasmas  are  produced 
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PROBE  POTENTIAL  ^ 


FIG.  7.  Setup  (upper)  for  electron 
temperature  control  using  mesh  grid  and 
typical  probe  characteristics  (lower)  at 
different  positions  z  from  the  grid. 


FIG.  8.  Electron  temperature  Te  in  the 
region  (II)  against  grid  bias  Voa  (with 
respect  to  plasma  potential). 


by  dc  discharges.  But,  our  method  was  confirmed  to  work  also  for  low-pressure 
discharge  plasmas  produced  by  different  methods.  In  fact,  this  method  was  used 
for  plasmas  produced  by  the  ECR  and  rf  discharges  mentioned  in  the  previous 
section  [14,  15]. 

The  electron  temperature  can  also  be  controlled  by  varying  a  mesh  size  of  the 
grid  at  a  fixed  bias  potential.  Even  if  there  is  no  external  potential  applied  to  the 
grid,  the  electron  temperature  depends  on  the  mesh  size.  In  general,  however, 
it  is  difficult  to  vary  the  mesh  size  during  the  machine  operation.  It  is  better  to 
make  a  hole  (or  slit)  in  the  grid,  the  size  of  which  is  much  larger  than  the  mesh 
size.  Varying  the  hole  (or  slit)  size  mechanically,  we  can  control  the  electron 
temperature  [16].  An  example  of  the  grids  used  is  shown  in  Fig.  9,  where  we 
can  vary  the  azimuthal  slit  length  As  demonstrated  in  Fig.  10,  the  electron 
temperature  is  well  controlled  by  the  slit  length.  This  mechanical  method  might 
be  quite  useful  for  the  electron- temperature  control  in  reactive  plasmas,  where 
the  grid  is  often  covered  by  thin  films  of  insulator. 
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FIG.  9.  Grid  with  slit  for  electron 
temperature  control. 


FIG.  10.  Electron  temperature  Te  and 
plasma  density  rig  against  slit  length  Ls . 


4.  Control  of  dust  particle  behaviors 

As  a  series  of  our  experiments  on  fine-particle  clouds  in  plasmas,  we  have  carried 
out  many  kinds  of  experiments  on  structure  controls  of  the  fine-particle  clouds  in 
low-pressure  dc  discharge  plasmas.  They  include  controls  of  vertical  and  radial 
profiles,  phase  transition,  vortices  driven  electrostatically,  azimuthal  rotations 
driven  by  a  vertical  magnetic  field,  vertical  spread  of  particle  clouds,  and  vertical 
strings  of  periodic  alignment  of  particles.  Essential  points  of  the  results  are  found 
in  Ref.  [17]. 

A  standard  situation  used  in  our  experiments  is  schematically  described  in 
Fig.  11.  A  plasma  is  produced  at  argon  gas  pressure  around  0.2  Torr  by  applying 
a  negative  dc  potential  to  a  cathode  (stainless  steel  6  mesh/inch  grid)  of  8.5  cm 
in  diameter  with  respect  to  a  ring  anode  (outer  and  inner  diameters  are  80  and 
9.5  cm,  respectively)  which  is  separated  1  cm  downward  from  the  cathode,  being 
electrically  grounded.  The  discharge  current  is  in  the  range  0.2  'v.  2  mA,  yielding 
Up  =  10*^  ~  10^  cm~^  and  Tg  =  1  ^  3  eV,  respectively. 

Mono-dispersive  methylmethacrylate- polymer  particles  (specific  gravity: 
1.17  1.20  g/cm^)  of  10  jjLm  in  diameter  are  injected  through  the  mesh  cathode. 

There  are  stainless  steel  plates  for  vertical  levitation  and  radial  confinement  of 
the  particles  in  the  experimental  region  below  the  anode.  The  2  cm-diam  plate 
(LE)  for  the  levitation  is  set  at  a  position  of  1.5  cm  downward  from  the  anode. 
The  plate  (CE)  for  the  confinement  with  a  2.0  cm-diam  hole  at  its  center  is 
set  at  a  position  of  0.1  cm  upward  from  the  LE.  The  particles  are  observed  by  a 
CCD  camera  detecting  Mie-scattering  of  He-Ne  laser  light  spread  with  horizontal 
width  of  0.5  cm. 

When  the  CE  is  biased  more  negatively  than  the  LE,  there  appears  a  hill¬ 
shaped  radial  potential  profile  above  the  LE.  Then,  the  particles  levitate,  being 
confined  radially  above  the  LE,  as  shown  schematically  in  Fig.  11.  The  electric 
charge  on  each  particle  is  estimated  to  be  10^  ~  lO^e  (e:  electronic  charge). 
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CCD  CAMERA 

FIG.  11.  Setup  for  experiments  on  controls 
of  fine-particle  clouds. 


SMALL  TRIANGLE 
ELECTRODE 


FIG.  12.  Vortices  generated  by  applying  a 
negative  potential  to  a  small  triangle 
electrode  on  a  levitation  electrode. 


The  particle  clouds  has  an  almost  hexagonal  lattice  structure  with  interparticle 
distance  of  a  few  hundred  yum,  although  the  particle  positions  fluctuate. 

Among  the  various  features  of  the  fine-particle  clouds,  the  vortex  formation 
is  closely  related  to  a  removal  of  dust  particles  from  dusty  plasmas.  In  order 
to  generate  vortices  in  the  horizontal  plane,  a  small  electrode  (SE)  with  sharp 
edges  is  situated  just  on  the  LE  [18].  When  the  SE  is  biased,  there  appear  large 
potential  gradients  around  the  sharp  edges,  which  give  rise  to  forces  acting  on 
the  particles  and  generate  particle  flows  in  the  particle  clouds. 

An  example  of  the  particle  flows  is  described  in  Fig.  12,  where  the  SE  with 
triangle  shape  is  biased  negatively.  The  sharp  edges  push  away  fine  particles, 
generating  vortices  with  velocity  shear  in  the  horizontal  plane  above  the  LE,  just 
as  in  case  of  usual  liquids.  In  general,  one  edge  drives  two  vortices,  generating 
six  vortices  in  this  case.  The  speeds  of  the  vortices  are  in  the  range  up  to  a 
few  mm/s,  depending  on  the  position.  The  measurements  for  different  shapes  of 
the  SE  with  n  (integer)  edges  show  that  there  appear  2n  vortices  in  the  particle 
clouds. 

When  the  SE  is  biased  positively,  fine  particles  move  toward  the  sharp  edges, 
being  also  accompanied  by  generation  of  vortices.  The  size  of  the  vortices  is 
smaller  than  that  in  case  of  the  negative  bias.  On  the  basis  of  this  dynamics 
of  the  fine-particle  clouds,  we  can  establish  a  simple  method  of  dust  removal 
from  dusty  plasmas.  In  the  measurements,  fine  particles  of  0.1  to  10  jim  in 
diameter  are  observed  to  be  completely  removed  from  low-pressure  discharge 
plasmsis.  This  method  could  be  used  for  dust-free  plasma  processings  for  various 
purposes. 
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5.  Summary 

Plasmas  produced  by  the  ECR  discharges  using  a  plane-slotted  antenna  with 
permanent  magnets  and  by  the  modified  magnetron-typed  rf  discharges  are  uni¬ 
form  within  a  few  percent  in  a  region  of  several  ten  centimeters  in  diameter 
at  a  position  where  substrates  might  be  situated.  A  direct  magnetic  eJffect  on 
ions  is  negligible  there,  although  the  magnetic  configuration  is  of  crucial  impor¬ 
tance  to  obtain  such  a  uniformity.  We  can  produce  much  larger  uniform  plasmas 
if  necessary.  In  our  methods,  there  could  be  no  powered  electrode  for  plasma 
production  in  the  vacuum  chamber  because  the  part  of  the  chamber  wall  could 
be  used  as  the  powered  electrode.  Our  results  could  be  applied  to  large-scaled 
plasma  processings  at  the  next  stage. 

In  order  to  control  the  electron  temperature,  a  local  discharge  structure  is 
modified  to  provide  a  region  where  electrons  are  not  responsible  for  the  dis¬ 
charges.  One  of  the  methods  employed,  which  is  mechanical,  is  to  use  pins 
installed  in  a  hollow  cathode.  With  an  increase  in  the  pin  length,  the  tem¬ 
perature  decreases  by  almost  one  order  of  magnitude.  A  more  drastic  electron 
temperature  decrease  by  almost  two  orders  of  magnitude  down  to  0.035  eV  is 
accomplished  in  a  plasma  separated  by  a  coarse  negatively-biased  grid  from  the 
discharge  region.  The  electron  temperature  is  also  controlled  by  varying  the  size 
of  the  hole  (or  slit)  made  in  the  grid.  Our  methods  of  the  electron  temperature 
are  based  on  local  modification  of  the  discharge  structure. 

The  experiments  on  fine-particle  behaviors  in  low-pressure  discharge  plasmas 
have  clarified  many  characteristic  features  of  fine-particle  clouds  in  plasmas.  On 
the  basis  of  the  particle  motions  observed,  we  can  now  establish  a  simple  method 
for  removal  of  dust  particles  from  dusty  plasmas,  which  might  be  of  practical 
importance  for  dust-free  plasma  processings. 


Acknowledgements 

We  thank  our  many  collaborators  for  their  contributions  to  the  experiments 
presented  here,  whose  names  are  found  in  References.  The  work  was  partly  sup¬ 
ported  by  Grant-in-Aid  for  Scientific  Research  from  the  Ministry  of  Education, 
Science,  Sports,  and  Culture,  Japan,  ANELVA  Corporation,  and  KOKUSAI 
ELECTRIC  Co.,  Ltd. 


References 

1.  N.  Sato,  S.  Iizuka,  Y.  Nakagawa  and  T.  Tsukada,  Uniform  Plasma  Produced  by  a  Plane 
Slotted  Antenna  with  Magnets  for  ECR,  Appl.  Phys.  Lett.,  62,  13,  1469,  1993. 

2.  S.  Iizuka  and  N.  Sato,  BCR  Devices  with  Permanent  Magnets  for  Production  of  Large- Diameter 
Uniform  Plasmas,  Jpn.  J.  Appl.  Phys.,  33,  1,  7B,  4221,  1994. 

3.  K.  Horiuchi,  S.  Dowaki,  S.  Iizuka  and  N.  Sato,  Compact  ECR  Plasma  Apparatus,  Proc. 
of  15th  Symp.  on  Plasma  Processing,  Hamamatsu,  January  21-23,  p.l48  -  151,  1998, 

4.  T.  ISHIDA,  Y.  Nakagawa,  T.  Ono,  S.  Iizuka  and  N.  Sato,  Large-Diameter  Reactive  Plasma 
Produced  by  a  Plane  ECR  Antenna,  Jpn.  J.  Appl.  Phys.,  33,  1,  7B,  4236,  1994. 

5.  Y.  Li,  S.  Iizuka  and  N.  Sato,  Production  of  Uniform  Large- Diameter  Radio-Frequency  Discharge 
Plasma,  Appl.  Phys.  Lett.,  65,  1,  28,  1994. 


448 


N.  Sato  and  S.  lizuka 


6.  Y.  Ll,  S.  IIZUKA  and  N.  Sato,  Production  of  a  Large- Diameter  Uniform  Plasma  by  Modified 
Magnetron-Typed  Radio  Frequency  Discharge^  Jpn.  J.  Appl.  Phys.,  36,  1,  7B,  4554,  1997. 

7.  Y.  Urano,  Y.  Li,  K.  Kanno,  S.  Iizuka  and  N.  Sato,  Production  of  1-m  Size  Uniform  Plasma  by 
Modified  Magnetron-Typed  RF  Discharge  with  a  Subsidiary  Electrode  for  Resonance^  Thin  Solid 
Films,  316,  60,  1998. 

8.  T.  Shimizu,  Y.  Li,  S.  Iizuka  and  N.  Sato,  Ion-Energy  Control  by  Magnetic  Field  near  an  RF 
Electrode  in  Modified  Magnetron-Typed  RF  Discharge,  Proc.  of  15th  Symp.  on  Plasma  Processing, 
Hamamatsu,  January  21-23,  ,  p.593  -  596,  1998. 

9.  Y.  Li,  S.  Iizuka  and  N.  Sato,  Control  of  Sputtering  in  a  Modified  Magnetron- Typed  Radio- 
Frequency  discharge,  Nuclear  Instrum.  Methods  in  Phys.  Res.,  B  132,  585,  1997. 

10.  N.  Sato,  S.  Iizuka,  T.  Koizumi  and  T.  Takada,  Electron-Temperature  Control  by  Movable  Pins 
Installed  in  a  Hollow  Cathode  for  Discharge  Plasmas,  Appl.  Phys.  Lett.,  62,  6,  567,  1993. 

11.  S.  Iizuka,  T.  Koizumi,  T.  Takada  and  N.  Sato,  Effect  of  Electron  Temperature  on  Negative 
Hydrogen  Ion  Production  in  a  Low-Pressure  Ar  Discharge  Plasma  with  Methane,  Appl.  Phys. 
Lett.,  63,  12,  1619,  1993. 

12.  S.  Iizuka,  T.  Takada  and  N.  Sato,  Enhanced  Methyl- Radical  Production  in  an  Ar-CH^  Pin- 
Hollow  Cathode  Discharge,  Appl.  Phys.  Lett.,  64,  14,  1786,  1994. 

13.  K.  Kato,  S.  Iizuka  and  N.  Sato,  Electron-Temperature  Control  for  Plasmas  Passing  through  a 
N natively  Biased  Grid,  Appl.  Phys.  Lett.,  65,  7,  816,  1994. 

14.  K.  Kato,  S.  Iizuka,  G.  Ganguly,  T.  Ikeda,  A.  Matsuda  and  N.  Sato,  Electron  and  Ion 
Energy  Controls  in  a  Radio  Frequency  Discharge  Plasmas  with  Silane,  Jpn.  J.  Appl.  Phys.,  36, 
1,  7B,  4547,  1997. 

15.  S.  Iizuka,  K.  Kato,  A.  Takahashi,  K.  Nakagomi  and  N.  Sato,  Negative  Hydrogen  Ions  Pro¬ 
duced  by  Electron  Temperature  Control  in  an  RF  Plasma,  Jpn.  J.  Appl.  Phys.,  36,  1,  7B,  4551, 
1997. 

16.  K.  Kato,  S.  Iizuka  and  N.  Sato,  Electron  Temperature  Control  by  Varying  Length  of  Slots  on 
a  Grid,  Abstracts  of  12th  Symp.  on  Plasma  Science  for  Materials,  Tokyo,  June  16-17,  p.76,  1999. 

17.  N.  Sato,  G.  Uchida,  R.  Ozaki  and  S.  Iizuka,  Fine-Particle  Coulomb  Lattices  Formed  and  Con¬ 
trolled  in  DC  Discharge  Plasmas,  Physics  of  Dusty  Plasmas  (edited  by  M.  Horanyi,  S.  Robertson, 
and  B.  Walch,  American  Institute  of  Physics,  New  York),  p.239  -  246,  1998. 

18.  S.  Iizuka,  G.  Uchida,  T.  Kamimura  and  N.  Sato,  Potential-Driven  Vortices  of  Strongly- Coupled 
Fine  Particles  in  a  Plasma,  Physics  of  Dusty  Plasmas  (edited  by  M.  Horanyi,  S.  Robertson,  and 
B.  Walch,  American  Institute  of  Physics,  New  York),  p.175-178,  1998, 


Journal  of  Technical  Physics,  J.  Tech.  Phys.,  41,  1,  Special  Issue,  449-468,  2000 
Polish  Academy  of  Sciences,  Institute  of  Fundamental  Technological  Research,  Warszawa 
Military  University  of  Technology,  Warszawa 


THE  ROLE  OF  ELECTRONEGATIVE  IMPURITIES  IN  OZONE  GENERATION  BY 

HIGH  PRESSURE  DISCHARGES 

J.  SKALNY 


DEPARTMENT  OF  PLASMA  PHYSICS,  COMENIUS  UNIVERSITY 
Mlynskd  dolina  F-2  842  15  Bratislava,  Slovakia 


1.  Introduction 

The  high  pressure  discharges  (pulsed  or  DC  corona,  barrier,  gliding  and  the 
others),  have  been  intensively  studied  both  experimentally  and  theoretically  as 
sources  of  low  temperature  plasma  for  pollution  control  technologies.  The  poten¬ 
tial  of  electrical  discharge  methods  has  been  demonstrated  for  the  decomposition 
of  many  types  of  VOC  [1].  Mostly  air  or  oxygen  are  used  as  a  feed  gas  in  which 
pollutant  is  diluted.  It  is  well  known  that  ozone  is  efficiently  produced  if  air  or 
oxygen  are  exposed  in  such  discharges  [2,  3,  4].  Hence  the  ozone  production  is 
a  phenomenon  which  more  or  less  accompanies  a  depletion  of  pollutants  from 
exhaust  gaseous  mixtures  with  air  or  oxygen.  Some  of  the  processes  to  be  active 
in  ozone  formation  mechanism  are  partially  competitive  with  the  decomposition 
of  pollutant  molecules,  hence  the  ozone  production,  under  certain  conditions, 
must  be  taken  into  account.  Especially  a  consumption  of  a  portion  of  oxygen 
atoms  in  the  three-body  ozone  formation  process 

(1.1)  O  +  O2  +  M— >03  +  M 

which  otherwise  could  participate  in  removal  of  pollutant  molecules  from  treated 
mixture  [5],  tends  to  reduce  the  decomposition  efficiency. 

The  effect  of  impurities  in  air  or  in  oxygen  is  also  considered  to  be  impor¬ 
tant  in  respect  to  variations  in  the  energy  yield  of  ozone  generation  in  various 
types  of  ozonators.  The  earlier  investigations  [6,  7,  8]  were  seldom  conducted  in 
such  a  way  that  of  quantitative  comparison  of  obtained  results  with  currently 
published  data  could  be  done  [9,  10],  The  systematic  study  of  ozone  genera¬ 
tion  from  oxygen  mixtures  with  various  gases  carried  out  in  Siemens  ozonator 
has  shown  a  gradual  reduction  in  the  energy  yield  if  H2,  H2O,  CCI2F2,  Ar  and 
CO2  were  added  into  oxygen,  while  an  apparent  maximum  in  the  energy  yield 
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of  ozone  was  registered  if  N2  or  CO  impurities  were  used  [9].  A  similar  tendency 
in  the  energy  yield  of  ozone  was  reported  by  Filippov  et  al.  in  case  of  N2  +  O2 
mixtures  processed  in  the  ozonator  [11].  Only  the  inhibition  action  of  hydro¬ 
carbons  (Cyclohexane,  n-Hexane  and  n-Heptane)  was  observed  in  ozonator  feed 
with  mixtures  of  oxygen  containing  one  of  the  mentioned  substances  [10].  The 
rate  of  ozone  formation  varied  linearly  down  with  the  increasing  hydrocarbon 
concentration.  The  ozone  formation  was  practically  stopped  if  the  concentration 
of  each  of  the  tested  impurities  was  higher  than  1%  by  volume  [10].  The  authors 
presumed  that  a  consumption  of  oxygen  atoms  by  hydrocarbon  molecules  is  the 
main  reason  for  reduction  ip  the  rate  of  ozone  generation. 

Many  of  pollutants  ar.e>lectron  attaching  gases.  The  effect  of  some  of  them 
on  the  mechanism  of  ozone  generation  was  already  mentioned  [9],  but  the  activ¬ 
ity  of  a  lot  of  them  in  various  discharges  was  investigated  only  recently.  We  have 
shown  that  a  production  of  ozone  from  mixtures  of  air  with  CCI2F2  is  substan¬ 
tially  reduced  with  increasing  concentration  of  Freon- 12  in  the  mixture  if  this  is 
treated  in  negative  corona  discharge  [12].  Lately  the  inhibition  effects  of  CCI4 
[13],  Trichloroethylene  [14]  and  Freon- 113  [15]  were  described  and  theoretically 
an^ysed  [15,  16].  Various  high  pressure  discharges  were  used  in  experiments  for 
removal  of  the  mentioned  additives  from  air. 

In  contrast  to  the  mentioned  inhibition  effect  of  several  impurities  on  ozone 
production,  a  simultaneous  increase  in  the  energy  yield  of  ozone  production  was 
observed  as  the  SFq  impurity  concentration  was  varied  within  the  range  of  (0.08- 
0.8)%  [17],  however  any  apparent  changes  in  ozone  production  was  registered  if 
O2  +  0.01%  SFq  mixture  was  treated  in  the  same  ozonator.  The  recently  pub¬ 
lished  self-consistent  model  also  predicts  a  substantial  increase  in  the  relative 
ozone  formation  rate  in  O2  +  SFq  mixtures  [18].  Moreover  it  was  shown  that  a 
tiny  admixture  [SF6]<0.1%  in  air  can  have  an  appreciable  effect  on  the  charac¬ 
teristics  of  ozonator  [18].  The  increase  in  ozone  production,  due  to  the  addition 
of  SFq  traces  was  also  noticeable  if  ozone  was  produced  from-  O2  +  SFe  mixtures 
by  irradiation  with  energetic  particles  from  the  ^®B(n,  a)^Li  reaction  [19]  at  SFe 
concentrations  below  10%.  In  contrast  to  the  experiments  mentioned  above,  any 
measurable  increase  in  the  ozone  concentration  was  observed  if  air  +  SFq  mix¬ 
ture  was  exposed  in  negative  corona  discharge  at  atmospheric  pressure,  but  the 
decrease  of  ozone  concentration  has  occurred  for  higher  SFg  concentration  (5%) 
[20,  21]. 

The  identification  of  the  mechanisms  responsible  for  the  inhibition  effect  of 
pollutants  in  air  on  ozone  production  is  complicated  by  the  well  known  deleteri¬ 
ous  effect  of  NOa;  molecules  produced  very  efficiently  by  high  pressure  discharges 
in  air  [22].  Therefore  mixtures  of  oxygen  with  tested  substances  are  more  appro¬ 
priate  for  understanding  kinetics  of  reactions  to  be  responsible  for  their  inhibition 
effect  on  ozone  generation. 

Hence  in  this  paper  we  report  on  results  of  several  studies  that  have  been 
carried  out  to  understand  ozone  generation  in  mixtures  of  oxygen  with  various 
impurities  processed  in  the  negative  corona  discharge.  The  effect  of  an  elec¬ 
tronegativity  of  added  molecules  was-  investigated.  Three  representative  groups 
of  compounds  were  selected  (weakly  attached  CO2,  strongly  attached  SFe  and 
the  set  of  chloro-  and  chlorofluorocarbons  having  a  considerably  different  rate 


ozone  concentration  [%] 
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constants  for  an  electron  attachment)  to  illustrate  how  the  electron  attachment 
as  well  as  the  other  electron  impact  processes  contribute  to  the  inhibition  of 
ozone  generation. 


2.  Experimental 


Two  different  experimental  apparatuses,  used  for  the  study  of  inhibition  effect  of 
several  compounds  on  ozone  production  in  the  negative  corona  discharge,  have 
been  described  earlier  [21,  23].  In  flow-through  configuration  [21]  a  gaseous  mix¬ 
ture  was  passed  trough  the  one  meter  long  cylindrical  corona  reactor.  Two  coax¬ 
ially  placed  cylindrical  electrodes,  the  inner  one,  diameter  0.1  mm  and  the  outer, 
diameter  one  of  15  mm,  were  used.  The  ozone  concentration  in  the  gas  mixture 
was  determined  at  the  reactor  outlet  by  a  UV  light  absorption  spectrometer. 
The  flow-stopped  glass  reactor  [23]  was  placed  directly  in  the  UV  absorption 
spectrometer  so  that  the  ozone  concentration  was  determined  directly  in  the  re¬ 
actor,  without  losses  in  manifold  transporting  usually  the  gaseous  mixture  after 
treatment  from  the  reactor  into  the  UV  spectrometer  [21].  The  diameters  and 
materials  of  the  inner  and  the  outer  electrodes  were  identical  with  those  used  in 
the  flow-through  arrangement  except  for  the  outer  electrode  length  which  was 
40  mm  only.  The  simultaneous  measurement  of  corona  parameters  (  current  and 
applied  voltage)  and  ozone  concentration  is  described  elsewhere  [23]. 


3.  Experimental  results  and  discussion 


The  experimental  results  shown  in  Figs  1,  2  and  3  have  been  obtained  in  ex¬ 
periments  carried  out  in  the  flow-through  regime  at  atmospheric  pressure.  The 


FIG.  1.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  r] 
in  O2  +  CO2.  (Flow-through  regime, 
p=l  bar). 


FIG.  2.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  rj 
in  O2  -h  SFe.  (Flow-through  regime, 
p=l  bar). 
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dependencies  of  the  relative  ozone  concentration  [0^]r  on  the  input  energy  den¬ 
sity  T]  are  plotted  for  three  different  impurities.  The  input  energy  density  is  the 
ratio  of  the  power  UI  {U  voltage  on  electrodes,  I  mean  discharge  current)  de¬ 
posited  into  the  gas  to  the  gas  flow  rate  Q  at  standard  conditions.  The  results 
achieved  in  the  flow-stopped  regime  at  the  pressure  p=900  mbar,  are  shown  in 
Figs  4,  5,  6,  and  7.  The  input  density  rj  was  calculated  as  a  ratio  of  the  total  en- 


FIG.  3.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  rj 
in  O2  +  CF2CI2.  (Flow  -  through  regime, 
p=l  bar). 


FIG.  4.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  rj 
in  O2  +  CCI2F2.  (Flow  -  stopped  regime, 
p=900  mbar). 


ergy  consumed  in  the  discharge  Ult  {t  is  the  time  of  processing)  to  the  pressure 
po  =  1  bar  reduced  volume  of  the  reactor  Vp/pQ,  There  are  apparent  differences 
in  the  inhibition  effect  on  ozone  production  in  regard  both  to  the  concentration 
as  well  as  to  gaseous  impurity.  In  order  to  understand  the  mechanism  respon¬ 
sible  for  the  observed  deleterious  effect  of  individual  gases,  the  processes  to  be 
active  in  ozone  formation  and  ozone  destruction  must  be  analysed.  There  are 
three  main  groups  of  processes  contributing  to  ozone  formation  and  destruction 
which  could  be  affected  by  the  added  impurity  into  oxygen: 

•  electron  impact  processes  (excitation,  ionisation,  dissociation  and  attach¬ 
ment), 

•  ion-molecule  reactions, 

•  reactions  of  radicals  produced  in  dissociative  processes  either  with  parental 
molecules  or  between  themselves. 

If  in  the  negative  corona  discharge  a  mixture  of  oxygen  with  traces  of  gaseous  im¬ 
purity  is  processed,  the  input  energy  is  dissipated  by  primary  electrons  mostly  in 
interactions  with  oxygen  molecules  [24].  At  the  elevated  impurity  concentration 
also  interactions  of  electrons  with  impurity  molecules  become  to  be  important, 
however  the  threshold  concentration  value,  from  which  this  effect  starts  to  be 


ozone  concentration  [%] 
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FIG.  5.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  77 
in  O2  +  CH2CI2.  (Flow  -  stopped  regime, 
p=900  mbar). 


FIG.  6.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  77 
in  O2  +  CHCI3.  (Flow  -  stopped  regime, 
p=900  mbar). 


significant,  is  different  for  the  different  impurity  and  also  is  specific  in  regard  to 
the  electron  impact  process.  Except  for  SFe?  there  was  not  observed  a  noticeable 
effect  of  tested  impurities  on  the  corona  onset  potential  Uq  if  the  concentration 
of  these  was  below  5%.  In  O2  +  SFq  mixtures  an  apparent  increase  of  Uq  was 
registered  with  the  increasing  SFq  concentration  in  oxygen.  Prom  the  experi¬ 
mentally  observed  constancy  of  the  onset  corona  voltage  against  variations  in 
concentration  of  the  most  of  tested  compounds  follows  the  constancy  of  reduced 
electric  field  E/N  in  the  ionising  region  (sometimes  named  glow  region  [25])  of 
negative  corona  discharge.  Within  the  glow  region,  the  electron  concentration  is 
much  greater  than  outside  this  zone.  The  reduced  electric  field  E/N  within  this 
region  is  assumed  to  be  constant  and  close  to  {E/N)ct  where  the  letter  is  the  crit¬ 
ical  value  of  reduced  electric  field  at  which  the  rate  of  ionisation  and  the  rate  of 
electron  attachment  are  in  equilibrium  [24,  25,  26].  As  noted  by  Morrow  (see  in 
ref.  [25]),  the  electron  density  in  the  ionising  part  will  drop  by  more  than  an  or¬ 
der  of  magnitude  as  E/N  is  reduced  from  1.0Z{E/N)c  to  0.97{E/N)c.  Hence  we 
can  presume,  that  conditions  in  the  glow  region  for  the  most  of  electron  impact 
processes  are  not  substantially  infiuenced  by  the  presence  of  a  small  amount  of 
tested  impurities.  Presuming  that  the  rate  of  electron  impact  ionisation,  produc¬ 
ing  secondary  electrons  required  for  the  other  electron  impact  processes,  is  not 
considerably  influenced  by  a  presence  of  impurities  in  oxygen,  the  explanation 
for  the  observed  inhibition  phenomena  can  not  be  looked  out  in  the  ionisation 
of  added  molecules. 

Before  examining  the  experimental  results  obtained  from  the  present  inves¬ 
tigation,  the  specific  character  of  DC  corona  discharges  must  be  pointed  out. 
All  processes  requiring  a  high  energy  of  electrons  (ionisation,  excitation,  disso¬ 
ciation  and  several  dissociative  attachment  processes)  are  confined  to  the  men¬ 
tioned  small  active  region  (glow  or  ionising),  its  volume  being  much  smaller  in 
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FIG.  7.  Dependence  of  relative  ozone 
concentration  on  the  input  energy  density  r) 
in  O2  +  CCI4.  (Flow  -  stopped  regime, 
p=900  mbar). 


FIG.  8.  Dependence  of  relative  ozone 
concentration  at  the  impurity  concentration 
at  ?7  =  0.5  Jcm“^. 


comparison  with  that  of  the  rest  of  the  discharge  gap,  so  called  drift  region,  or 
the  rest  of  the  total  volume  of  the  discharge  reactor.  In  the  drift  region  only  the 
processes  requiring  low  energy  of  interacting  electrons  (dissociative  attachment 
to  several  halocarbons  or  ozone),  or  ion-molecule  reactions  and  chemical  reac¬ 
tions  of  neutral  particles  are  proceeded.  Due  to  the  very  efficient  dissociative 
electron  attachment  in  the  glow  region 

✓ 

(3.1)  e  +  02 — >0~+0 

(k2  —  4.3  ■  10"^^  cm^s“^  at  E/N  ^  110  Td,  [27]),  corresponding  to  conditions 
in  flow-trough  experiments,  [/q  ^  4.1  kV  and  atmospheric  pressure),  the  con¬ 
centration  of  free  electrons  in  the  drift  region  of  the  negative  corona  discharge 
in  pure  oxygen  is  low  [26].  Hence,  most  likely  the  interactions  of  electrons  with 
the  impurity  molecules  do  not  contribute  substantially  to  the  reduction  in  ozone 
generation  the  presence  of  impurity  in  oxygen. 

In  regard  to  electron  attachment  efficiencies  of  the  tested  substances,  the 
results  can  be  divided  into  three  groups: 

•  CO2  represents  a  weakly  electron  attaching  gas  not  containing  chlorine 
atoms, 

•  SFe  represents  a  strongly  attaching  gas  not  containing  chlorine  atoms, 

•  CH2-CI2,  CHCI3,  CCI4  and  CCI2F2  differ  both  in  the  number  of  substituted 
chlorine  atoms  and  the  electron  attachment  rate  constant,  which  substan¬ 
tially  increases  in  the  case  of  chloromethanes  with  a  number  of  chlorine 
atoms  in  parent  molecule. 
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Therefore  the  results  will  be  discussed  in  respect  to  the  foregoing  classification 
of  tested  compounds. 


4.  CO2 

The  reduction  in  ozone  concentration  at  the  constant  input  energy  density  7] 
is  shown  over  a  whole  range  of  CO2  concentrations  of  (0  -  100)%  in  Fig.  1. 
The  decrease  in  ozone  concentration  observed  at  high  [CO2]  concentrations  is 
comparable  to  or  even  smaller  than  that  reported  earlier  in  O2  +  Ar  and  O2 
+  N2  mixtures  treated  in  negative  corona  discharge  [28],  which  is  evident  from 
Fig.  8,  where  the  ozone  concentration  at  77  =  5  Jcm“^  is  presented  as  a  function 
of  impurity  concentration  for  various  added  gasses.  If  we  consider  a  two  step 
process  of  ozone  generation  in  pure  oxygen,  electron  impact  dissociation 

(4.1)  e  +  02  — yO  +  O  +  e 

{ks  =  2.4  •  10~^  cm^s~^,  at  E/N  «  110  Td,  [27])  together  with  the  three-body 
associative  process  (1.1),  then  the  observed  reduction  in  ozone  concentration 
fairly  well  corresponds  to  the  decrease  of  oxygen  concentration.  At  low  impurity 
concentration  the  linear  decrease  in  ozone  concentration  is  in  a  fairly  good  accor¬ 
dance  with  predictions  followed  from  Vasiljev-Eremin  formula  discussed  recently 
[29,  30,  31].  The  formula  describes  forward  and  backward  processes  of  ozone 
formation  and  decomposition 

(4.2)  3O2  ^  2O3 
and  can  be  expressed  in  a  formmula 


where  [Os]r  and  (  are  the  relative  ozone  and  impurity  concentrations  respectively 
(0  -  1.0).  The  rate  constants  ka  and  ki)  correspond  to  ozone  generation  and 
destruction  processes  of  ozone.  It  must  be  noted  that  in  an  accordance  with 
the  Eremin’s  theory,  the  introduced  rate  constants  kg  and  kj)  are  expressed  in 
[cm^J“^]  units.  At  low  oxygen  concentration  Eremin’s  theory  failed. 

The  apparent  differences  in  the  ozone  concentration  produced  from  mixtures 
of  oxygen  with  Ar,  N2  and  CO2  at  low  O2  concentration  can  be  explained  by  a 
generation  of  ozone  directly  from  CO2  molecules.  The  electron  impact  dissocia¬ 
tion  of  carbon  dioxide  molecules  is  proceeded  in  the  glow  region,  where  electrons 
have  energies  sufficient  to  dissociate  CO2 

(4.3)  6  +  002  +  -he. 

The  rate  constant  k^  strongly  depends  on  E/N  [32,  33].  Under  the  conditions 
of  our  experiments  E/N  ^  110  Td,  the  value  6*10“^^  cm^s“^  was  estimated  for  k^ 
from  plotted  k^  =  /(E/iV)  dependence  [32].  At  sufficiently  high  concentration 
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of  CO2  (more  than  80%  by  volume  in  mixture),  the  contribution  of  reactions 
(4.1)  and  (4.3)  to  production  of  oxygen  atoms  are  comparable,  hence  the  oxygen 
atoms  formed  through  (4.3)  from  ozone  via  reaction  (1.1)  or  in  the  associative 
process 

(4.4)  O  +  O-f-M— ^02  +  M 

(fee  =  7.1  •  10-33  cm^s-i  [32],  ^  1.0  •  10-32  cm-^s-^  [33],  at  T  =  300  K)  form 

molecular  oxygen  required  for  further  ozone  formation  via  (1.1).  The  impor¬ 
tance  of  the  described  pathway  increases  with  increasing  content  of  CO2.  The 
mentioned  sequence  of  reactions  can  explain  the  relatively  high  concentration  of 
ozone  (<  500  ppm)  found  in  carbon  dioxide  treated  in  negative  corona  discharge 
[34,  35]. 

After  an  addition  of  even  a  low  amount  of  CO2  into  pure  oxygen,  the  spectrum 
of  negative  ions  in  the  discharge  gap  is  substantially  changed  [37].  The  ions  Q-, 
which  are  precursors  of  O2  and  especially  O3  (in  pure  oxygen  predominantly 
abundant  ion  [36,  37])  are  scavenged  by  CO2  molecules  trough  the  very  fast 
process 

(4.5)  O-  +  CO2  +  M  ^  CO3-  +  M 

=  9.0*10-^^  cm^s-^  for  M=  CO2,  kj  =  3.0 -lO”^®  cm^s-^  for  M  =  '02,  [33]). 
Therefore  the  ions  Q-,  OJ  and  O3  ,  which  otherwise  could  partially  participate  in 
ozone  formation  processes  [26,  27],  are  converted  a  very  stable  ion  CO^.  There¬ 
fore  the  contribution  of  parent  0~  ions  in  ozone  formation  is  excluded.  It  must 
be  noted  however,  that  this  suppression  is  only  marginally  significant  in  com¬ 
parison  with  much  more  efficient  decrease  in  oxygen  concentration,  which  much 
likely  is  the  most  important  reason  for  the  inhibition  of  the  ozone  generation  at 
increasing  content  of  carbon  dioxide  in  oxygen. 


5.  SFe 

Besides  theoretical  [18]  and  experimental  [17, 19]  studies  reporting  on  an  increase 
in  the  energy  efficiency  of  ozone  production  at  low  SFe  concentrations  in  mixtures 
with  air,  there  are  many  papers  devoted  to  the  chemistry  of  SF^  decomposition 
in  various  high  pressure  discharges  [25,  38,  39,  40,  41,  42,  43,  44].  Considerable 
work  has  been  done  recently  for  understanding  primary  oxidation  mechanisms 
associated  with  the  dissociation  of  SFe  in  its  mixtures  with  traces  of  water  or 
oxygen  molecules.  Several  results  of  such  studies  have  been  reviewed  by  Brunt 
[25,  40].  It  must  be  noted  however,  that  in  all  of  the  mentioned  papers,  the 
concentration  of  oxygen  impurities  was  much  lower  in  the  comparison  with  the 
content  of  oxygen  in  mixtures  studied  in  our  experiments.  That  is  an  explanation 
why  processes  participating  in  ozone  formation  were  not  considered  [25,  40]. 
Moreover,  the  gas  chromatography  method  used  for  analysis  of  gaseous  products 
in  treated  mixtures  is  not  very  appropriate  for  detection  of  ozone.  That  is 
why  no  ozone  traces  were  detected  in  the  mentioned  experiments.  It  was  noted 
recently  by  V.  Brunt  [25],  that  at  higher  oxygen  content  in  the  mixture  with 
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sulfur  hexafluoride  it  may  be  necessary  to  consider  processes  omitted  usually 
from  the  reaction  scheme  of  SFe  decomposition,  such  as  these  involving  formation 
and  destruction  of  O3.  Despite  the  fact,  that  most  of  the  mentioned  experiments 
have  been  carried  out  at  minimal  content  of  oxygen  in  mixture,  (less  than  25% 
by  volume  [41]),  the  results  discussed  in  [25,  40]  can  be  partially  used  for  the 
explanation  of  our  experimental  results. 

The  dependence  of  relative  ozone  concentration  on  the  input  energy  density 
rj  found  at  various  sulfur  hexafluoride  concentration  in  oxygen  is  shown  in  Fig. 
2.  Remarkable  decrease  in  ozone  concentration  associated  with  the  increasing 
content  of  SFe  in  oxygen  is  evident  both  from  Fig.  2  as  well  as  from  Fig.  8  , 
where  the  inhibition  action  of  various  compounds  is  demonstrated.  As  it  was 
already  noted,  the  increase  in  SFg  concentration  leads  to  the  noticeable  increase 
of  the  corona  onset  voltage  Uq,  This  effect  is  in  accordance  with  the  theoretically 
predicted  variations  in  the  effective  ionization  coefficient  a'  due  to  the  SFe  ad¬ 
mixture  in  oxygen  [45].  Therefore  in  such  mixtures  the  critical  value  of  reduced 
electric  field  {EjN)c  at  which  a' /N  ^  0  increases  with  increasing  SFg  concentra¬ 
tion.  So  the  rate  of  electron  generation  trough  ionization  collisions  of  electrons 
with  oxygen  molecules  is  enhanced.  Moreover  due  to  the  increase  of  E/N  value 
in  the  glow  region,  the  efficiency  of  electron  impact  dissociation  of  oxygen  (4.1) 
in  this  zone  is  also  enhanced  because  of  the  higher  mean  electron  energy. 

The  increase  in  the  rate  of  ionization  is  however  compensate  by  an  increase 
in  the  total  rate  of  electron  attachment  processes,  due  to  the  very  efficient  at¬ 
tachment  of  electrons  to  added  SFe  molecules.  The  substantial  decrease  of  the 
corona  discharge  current  induced  by  an  increase  in  the  SFe  concentration  is  a 
tangible  evidence  for  the  reduction  of  free  electrons  density  in  the  discharge  gap. 
Numerous  studies  on  electron  attachment  to  SFe  have  been  conducted,  espe¬ 
cially  in  pure  sulfur  hexafluoride  (see  references  in  [46]).  It  was  concluded  that 
predominantly  SF^  negative  ions  occur  at  thermal  energy  of  electrons  via 

(5.1)  e  +  SF^-^SF^ 

{ks  =  3.1T0“^  cm^s”^  at  T  =  300  K,  [47]).  There  is  a  variety  of  other  ions,  which 
can  be  created  in  collisions  of  an  electron  with  sulfur  hexafluoride  molecules. 
Among  them,  especially  SF^  ions  are  interesting  from  a  point  of  view  the  pro¬ 
cesses  in  a  negative  corona  discharge.  The  mentioned  ions  are  formed  via  the 
dissociative  electron  attachment 

(5.2)  e  +  5^6  — >  SF^  -I-  F 

{kg  =  2.3  •  10~^®  cm^s”^,  unspecified  E/N,  [40]),  having  the  maximum  in  the 
cross  section  at  relatively  low  electron  energy  of  0.35  eV,  while  the  fragment  ions 
F  -  are  formed  predominately  by  electrons  having  energies  higher  than  4  eV 

(5.3)  e  +  SFe—^  SF5+F- 

{kio  =  1.5  •  10“^®  cm^s“\  unspecified  E/N,  [40]).  Under  the  negative  corona 
discharge  conditions  F“  is  produced  mainly  in  glow  region  whilst  SF5  and  SF^ 
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axe  produced  near,  but  outside  this  zone  [43].  The  F  ions  undergo  an  efficient 
charge  transfer  process 

(5.4)  F-  +F 

(fell  =  1.4  •  10“^^  cm^s“^,  [40]).  The  characteristic  time  for  a  charge  exchange 

(5.4)  is  at  atmospheric  pressure  and  SFe  concentration  only  3  microseconds,  what 
is  much  less  in  comparison  with  the  average  transport  time  of  fluoride  ions  F” 
the  drift  region.  Hence  the  charge  transfer  ([11])  can  sufficiently  explain  the  low 
signal  of  F~  ions  in  spectrum  of  ions  extracted  from  the  drift  region  of  discharge 
[43,  44]. 

The  mass  spectrometric  studies  of  ions  directly  extracted  from  the  drift  re¬ 
gion  of  negative  corona  discharge  in  pure  SFe  confirmed  the  dominance  of  two 
mentioned  negative  ions  [43,  44].  It  must  be  noted  however,  that  the  mass  spec¬ 
trometric  studies  have  been  carried  out  at  relatively  low  SFe  pressures,  below 
20  kPa.  By  the  author’s  knowledge  there  are  no  experimental  results  available 
to  be  completed  at  pressures  close  to  the  atmospheric  one.  Moreover,  there  is  a 
lack  of  mass  spectrometric  studies  performed  in  O2  +  SFe  mixtures,  especially 
those  in  which  the  oxygen  content  in  the  mixture  would  be  close  to  values  typi¬ 
cal  for  our  experimental  conditions.  There  is  only  one  known  study  of  negative 
ions  extracted  from  negative  corona  discharge  in  mixtures  of  sulfur  hexafluoride 
with  oxygen  and  water  traces  suggested  that  the  abundance  of  ions  in  spectra  is 
dramatically  changed  even  if  only  a  small  amount  of  oxygen  molecules  is  added 
into  pure  SFe^  probably  due  to  the  formation  of  oxyfluorides  [41,  44]. 

To  confirm  a  foregoing  presumption,  the  0.5%  SOF4  was  added  into  SFe. 
The  only  ion  observed  in  the  mass  spectra  of  ions  extracted  from  the  drift  region 
of  negative  corona  was  SOF5  created  predominantly  from  the  prominent  ions 
SFg  via  F”  exchange  reaction 

(5.5)  5OF4  +  SF^  — >  SOF^  +  SF^ 

{ki2  =  4.0  •  10“^®  cm^s~^,  [25]).  The  reaction  (5.5)  is  very  efiFective  due  to  the 
high  F“  affinity  to  SOF4  (2.59  eV,  [44]).  The  temporal  variations  in  the  SOF5 
signal,  observed  by  Sauers  [44]  in  flow-stopped  experiments  carried  out  in  SFe 
containing  traces  oxygen  or  water,  is  the  further  evidence  for  high  efficiency 
of  F“  exchange.  The  production  of  SOF4  was  experimentally  confirmed  by 
gas  chromatography  measurements  of  by-products  of  oxidation  mechanisms  in 
mixtures  SFe  +  O2  +  H2O  processed  in  high  pressure  discharges  [38,  39,  41].  If 
we  presume  that  there  are  no  traces  of  water  present  in  mixture  of  O2  with  SFe, 
then  SOF4  is  predominantly  generated  via  reaction  of  SF5  radicals  with  oxygen 
atoms 

(5.6)  0  +  SF^^  SOF4  +  F 

{kis  =  2.0  •  10”^^  cm^s“^,  [41]).  The  rate  constant  of  the  last  reaction  is  compa¬ 
rable  with  the  rate  constant  corresponding  to  the  recombination 


(5.7) 


SF^  +  F-^  SFe 
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{ku  =  1-7  •  10"^^  [38])*  The  reaction  (5.7)  is  one  of  those,  determining 

the  equilibrium  value  of  the  SFg  dissociation  level  in  the  glow  region  of  negative 
corona  discharge  in  studied  mixtures.  The  electron  impact  dissociation 

(5.8)  e  +  SFq  — )■  SFq—ji  +  tiF  +  e,  n  <  6, 

is  the  initial  rate-controlling  step  in  the  decomposition  of  pure  SFe  [40].  In 
general,  the  rate  constant  ^15  depends  on  E/N  and  can  be  calculated  if  there 
exist  information  about  the  electron  energy  dependencies  corresponding  to  all 
electron- impact  processes  determining  the  electron  energy  distribution  function. 
Unfortunately  to  far  there  have  been  no  direct  measurements  of  dissociative  ex¬ 
citation  cross  section  for  SFe  which  could  be  used  to  compute  ki^  [40] .  Moreover, 
there  is  no  experimental  data  in  literature  on  the  total  electron  induced  disso¬ 
ciation  rate  of  SFe-  Hence  only  the  upper  limit  on  the  SFe  decomposition  rate 
constant  was  estimated  of  7.4  •  10“^  cm^s~^  at  {E/N)c  ~  360  Td,  [25].  If  ion 
formation  processes  are  completely  excluded  then  A;i5(Tnm)  =  5.7  •  10“^  cm^s“^. 
This  value  decreases  apparently  with  decreasing  reduced  electric  field  E/N  [40] 
and  reaches  the  value  of  1.0  •  10“^  cm^s”^  at  {E/N)  110  Td,  typical  of  con¬ 

ditions  in  pure  oxygen  in  our  discharge  reactor.  The  value  was  assessed  from 
calculated  ki^  =  f{E/N)  dependence  [40]. 

From  all  theoretically  possible  dissociation  channels,  it  is  presumed  that  the 
pathway  leading  to  the  SF5 

(5.9)  e-hSFe^  SF^  +  F  +  e 

predominates  and  accounts  for  more  than  90%  of  the  electron  impact  induced 
dissociation  collisions  [25].  The  reaction  (5.6)  is  a  sink  of  a  portion  of  oxygen 
atoms  generated  by  the  dissociation  process  (4.1).  Therefore  the  formation  of 
SOF4  could  be  the  process  active  in  the  experimentally  observed  inhibition  effect 
of  SFe  on  ozone  generation  if  fci3[5F5]  ki[02]^’  Using  the  data  for  ki  = 

6.9-10“^^  cm^s"^  [25]  at  p  —  1  bar  for  the  critical  value  of  [SF5]  concentration 
it  follows  [SF5]=1.95  •  10^®  cm~^.  If  we  presume  that  10%  (or  less)  of  added  SFe 
molecules  is  dissociated  in  the  glow  region  of  discharge,  then  the  reaction  (5.6) 
could  be  significant  even  at  [SFe]^  0.5%.  The  assumed  10%  level  of  dissociation 
in  the  glow  region  is  a  fairly  realistic  assessment  because  the  rate  constant  of 
the  associative  process  in  which  SF5  radicals  are  scavenged  (5.7)  is  smaller  by 
two-orders  of  magnitude  than  the  rate  constant  corresponding  to  the  dissociation 
process  (5.9).  The  effect  of  SOF4  formation  is  amplified  by  the  reaction  of  SOF4 
with  the  dominant  SFg  ions  (5.5),  trough  which  SF5  radicals  are  released  again 
into  cyclic  process. 

Besides  the  recombination  (5.7),  the  most  likely  fate  of  fluoride  atoms  pro¬ 
duced  via  (5.9)  is  the  formation  of  stable  FO2  through  the  three  body  process, 
especially  effective  at  high  pressures 

(5.10)  F  +  O2  +  M  ^  FO2  +  M 

{kir  =  5.8  •  10“^^  cm®s“\  for  M  =  N2,  [48]),  although  the  formation  of  FO2  is 
slightly  an  endothermic  process  (  formation  enthalpy  12  kJmoU^)  [40]. 
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Some  parts  of  fluoride  atoms  can  participate  in  the  catalytic  removing  cycle 
in  which  the  molecules  of  ozone  are  decomposed 

(5.11)  F  +  O3  ^FO  +  02 

(fci8  =  1.0  •  [48]), 

(5.12)  fo  +  0^02+F 

(/ji9  —  2.7  •  10“^^,  [48])  The  cycle  of  reactions  (5.10)  and  (5.11)  is  similar  to  the 
well  known  Cl  mechanisms  for  removal  of  ozone- in  the  stratosphere  [49]. 

At  the  high  content  of  O2  in  the  mixture  it  may  be  necessary  in  V.  Brunt’s 
opinion  [25]  to  consider  relatively  slow  as  well  it 

(5.13)  SF5  +  O2  +  M  — >  SF5O2 
followed  by  further  clustering 

(5.14)  sF502  +  SFs-\-M  ^SF502^SF^-\-M 
The  rate  constant  for  pseudo  two-body  process 

(5.15)  SF5  -h  O2  — >  products 

is  by  Sauers  small  k22  <  5.0  •  lO"^®  cm^s~^  [38].  Therefore  O2  rections  are  only 
marginally  significant  in  comparison  to  the  effect  of  SOF4  formation  (5.6)  if  the 
SFq  concentrations  is  higher  than  1%  and  minimaiy  1%  of  all  molecules  in  the 
glow  region  is  dissociate,  which  is,  under  the  conditions  of  our  experiments  a 
fairly  well  fullfilled  presumption, 

A  conclusion  can  be  drawn  from  the  above  discussion.  Ther  are  three  groups 
of  processes  which  most  likely  contribute  considerably  to  the  inhibition  effect  of 
SFe  on  ozone  production  from  mixtures  SFe  +  O2  in  negative  corona  discharges: 

•  decrease  of  the  electron  density  due  to  the  electron  attachment  (5.1),  (5.2) 
and  (5.3), 

•  consumption  of  the  significant  portion  of  oxygen  atoms  in  sequence  of  cyclic 
reactions  (5.6)  and  (5.5),  initiated  by  the  electron  impact  dissociation  of 
SF6(5.9). 

•  decrease  in  oxygen  atoms  production  due  to  the  reduction  of  oxygen  content 
in  the  mixture  and  due  to  the  competitive  electron  impact  dissociation  of 
SFe  molecules  (5.8). 


6.  Halomethanes 

The  influence  of  the  presence  of  several  halomethanes  (X)  in  oxygen  on  the  rela¬ 
tive  ozone  concentration  in  mixtures  O2  +  X  is  demonstrated  in  Fig.  3-7.  While 
the  results  shown  in  Fig.  3  were  obtained  in  flow-through  experiments  at  atmo¬ 
spheric  pressure,  the  rest  of  experiments  were  performed  in  the  already  described 
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flow-stopped  reactor  at  p  =  900  mbar.  There  was  not  observed  any  noticeable 
eflfect  of  all  tested  compounds  on  the  corona  onset  voltage  C/q  within  the  whole 
range  of  halomethane  concentrations.  Also  the  effect  of  added  halomethane  im¬ 
purities  on  the  discharge  current  was  much  less  impressive  [12,  23]  to  be  compared 
with  the  conspicuous  current  reduction  in  case  of  SFe  [20,  21].  Based  on  the  ob¬ 
tained  experimental  results  we  dare  to  presume  that  two  group  of  processes  are 
not  significantly  influenced  by  added  impurities,  or  better  to  say,  these  two  do 
not  play  an  important  role  in  the  inhibition  of  ozone  formation.  Because  of  the 
experimentally  observed  constancy  of  the  corona  onset  voltage,  we  can  presume 
that  the  ionization  of  added  halocarbon  molecules  is  not  significant.  The  drop  in 
the  ozone  concentration  can  be  hardly  contributed  to  the  dissociative  attachment 
of  electron  to  tested  molecules 

(6.1)  e  +  R-Cl^Cr  +R 

because  of  following  reasons. 

The  electron  attachment  to  the  most  of  tested  molecules  is  at  its  maximum  at 
thermal  energy  of  incidental  electron  [50]  or  slightly  higher  0.5  eF  for  CHCI3, 
[51]).  Hence  the  best  conditions  for  the  dissociative  attachment  of  electrons  are 
in  the  drift  region,  but  the  density  of  free  electrons  in  the  drift  region  is  low, 
as  it  was  already  mentioned  above  [26].  The  electron  attachment  rate  constant 
for  all  tested  substances  is  reduced  considerably  with  increasing  electron  energy 
[51]  or  reduced  electric  field  [52],  however  also  at  higher  electron  energies  the 
differences  in  the  absolute  values  of  individual  rate  constants  corresponding  to 
the  tested  compounds  are  more  than  four-orders  in  magnitude  [52].  At  thermal 
electron  energy  these  are  even  larger  [50].  The  observed  decrease  in  the  relative 
ozone  concentration  at  the  constant  energy  density  does  not  correspond  to  a 
such  conspicuous  differences  in  the  rate  of  the  dissociative  electron  attachment. 
Moreover,  a  much  more  efficiently  electron  attaching  impurity  CCI2F2  [k  = 
1.77  •  10”^  cm^s”^  at  thermal  electron  energy  and  7.7  •  10”^®  cm^s“^  at  e:  =  4 
eV,  recommended  by  Christ ophorou  [53])  is  even  noticeably  less  effective  in  the 
inhibition  efi'ect  on  ozone  production,  than  very  weakly  attaching  gas  CH2CI2 
{k  ~  4.7  •  10“^^  crn^s"^,  see  references  in  [50])  as  it  can  be  seen  in  Fig.  9.  Also 
conspicuously  more  effective  deleterious  effect  of  CCI2F2  in  comparison  with 
strongly  attaching  SFe  ,  evident  from  Fig.  8,  supports  our  assumption  that  the 
electron  attachment  may  be  excluded  from  the  potential  reasons  of  the  reduction 
in  ozone  concentration. 

The  analysis  of  processes  probably  responsible  for  the  observed  inhibition 
effect  will  be  done  for  the  most  representative  CCI2F2  for  which  a  lot  of  important 
data  was  published  recently  [53].  Before  examining  the  experimental  results 
in  oxygen  4-  Freon- 12  mixtures  in  the  flow-stopped  regime,  it  must  be  noted 
that  there  is  one  important  difference  between  SFq  and  tested  halomethanes  in 
affinity  to  atomic  oxygen.  Due  to  its  high  chemical  inertness,  no  direct  reaction 
of  SFe  molecules  with  oxygen  atoms  0(^P)  or  even  not  with  0(^D)  is  mentioned 
[25,  40,  41,  54].  The  ground  state  oxygen  atom,  0(^P),  and  the  excited  state 
oxygen  atom,  0(^D),  are  produced  via  two  channels  of  reaction  (4.1) 
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FIG.  9.  Dependence  of  relative  ozone  concentration  at  the  impurity  concentration  at 

77  =  0.5  Jcm“^. 


(6.2)  e  +  O2  — ^  0(3p)  +  0(^P) 

(6.3)  e  +  O2  ^  C>(^P)  +  0(iP). 

The  rate  constant  for  the  process  (6.3)  is  more  than  double  of  that  for  (6.2), 
however  the  excited  oxygen  atoms  0(^D),  which  otherwise  are  very  efficient  in 
chemical  reactions,  are  lost  preferentially  to  quenching  by  oxygen  molecules  [55] 

(6.4)  >  0{^D)  +  02^  0{^P)  +  O2 

[k24,  =  4.0  •  10“^^  cm^s~^,  [25]).  Anyway,  in  contrast  to  SFe  some  part  of  0(^D) 
atoms  can  interact  directly  with  added  CCI2F2  molecules  [48] 


(6.5)  0(^D)  +  CCI2F2  CIO  +  CCIF2 

(6.6)  ^  0(2p)  +  CCI2F2 

(6.7)  COFCl  +  FCl 

(6.8)  — >  COF2  +  CT2. 

The  total  rate  constant  for  all  four  processes  ^25  =  1.4  •  10“^^  cm^s“\  [48],  is 
relatively  very  high.  For  the  process  of  0(^D)  quenching  /C256  =  0.15A;25  thus  the 
part  of  0(^D)  atoms  is  not  lost  for  ozone  generation  via  (1.1).  The  consumption 
of  a  half  of  created  0(^D)  via  (6.5  -  6.8)  leads  approximately  to  the  35%  reduction 
of  created  ozone  molecules  due  to  differences  in  rates  of  oxygen  dissociation 
trough  the  reactions  (6.2)  and  (6.3).  If  the  competition  of  reactions  (6.5  -  6.8) 
with  (6.4)  is  considered,  then  the  following  condition  A;24[02]  ~  ^25[CCl2F2]  for 
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half  reduction  in  0(^D)  concentration  must  be  fulfilled.  From  this,  the  relative 
concentration  of  [CCl2F2]j?  ~  20%  follows.  The  assessed  value  is  much  higher 
than  the  value  found  in  experiments.  Similar  reactions  of  0(^D)  were  studied  in 
some  other  halocarbons,  however  only  data  for  CCI4  (/s25  =  3.3  •  10“^^  cm^s“\ 
[48])  from  all  compounds  tested  in  our  experiments  are  available.  There  are 
no  directly  measured  data  for  0(^P)  reactions  with  chloromethane  molecules. 
These  are  mostly  endothermic  under  normal  conditions,  however  in  the  glow 
region  the  chloromethane  molecules  could  be  excited  vibrationally  and  hence 
under  certain  conditions  the  scavenging  of  oxygen  atoms  in  a  ground  state  could 
be  possible.  The  active  role  of  0(^P)  oxygen  atoms  in  the  decomposition  of 
Preon-12  was  presumed  and  discussed  recently  [16].  Using  the  experimental 
data  obtained  in  a  nanosecond  corona  discharge  the  authors  assessed  the  rate 
constant  for  the  reaction  of  0(^P)  with  Freon-113  (k  =  0.5  —  1.0  •  10”^^  cm^s“\ 
[16]).  Under  the  experimental  conditions  the  dominant  product  determined  by 
UV  light  absorption  was  molecular  chlorine,  which  suggests  that  most  likely  the 
channel  similar  to  (25d)  predominates. 

Besides  already  concluded  problem  with  the  endothermic  character  of  0(^P) 
reactions  with  chloromethanes,  the  model  did  not  take  into  account  some  other 
processes.  In  case  of  Freon- 12,  as  well  as  in  case  of  the  other  chloromethanes,  the 
direct  electron  impact  dissociation  can  be  efficient  at  sufficiently  high  electron 
energies.  As  it  was  concluded  by  Stoffels  et  al.  [55]  however,  there  is  an  absolute 
lack  of  data  for  such  processes  in  halomethanes.  Stoffels  et  al.  developed  a 
model  allowing  the  determination  of  rate  constant  /c26  =  8.0  •  10“^  cm^s“^  for 
the  electron  impact  dissociation 

(6.9)  e  +  CCI2F2  C/  +  CCIF2  +  e. 

Comparing  the  values  and  /?26  we  presume  that  under  our  experimental 
condition  the  production  of  oxygen  atoms  is  accompanied  by  the  production  of 
chlorine  atoms  and  reactive  radicals  CCIF2.  It  was  shown  earlier  that  radical 
CH2CI  reacts  efficiently  with  oxygen  atom  in  the  ground  state,  0(^P),  {k  = 
2.67  ■  10”^^  cm^s“^  [56,  57]).  Also  the  reaction  of  CCI3  was  experimentally 
investigated  giving  the  k  ~  4.38  •  10”^^  cm^s”^  [58].  Recently  calculated  data 
for  the  reaction 

(6.10)  0{^P)  +  CCIF2  — >  products 

{k27  =  4.38  •  10"^^  cm^s~\  [59])  are  identical  with  these  valid  for  the  CCI3  re¬ 
action.  If  we  presume  that  a  portion  of  oxygen  atoms  in  the  ground  state  is 
scavenged  in  reactions  with  radicals  formed  from  chloromethanes  by  the  elec¬ 
tron  impact  dissociation,  then  the  higher  value  of  k  for  the  reaction  of  oxygen 
atom  0(^P)  with  CH2CI  radicals  to  be  compared  to  that  of  ^27  could  explain 
surprisingly  more  efficient  inhibition  effect  of  CH2CI2  on  ozone  formation  (see 
Fig.  9). 

There  are  the  other  pathways  of  direct  decomposition  of  halomethanes  in 
the  glow  region  of  negative  corona  discharge.  Very  efficient  is  the  reaction  of 
primary  ions  0~,  generated  within  the  glow  region  via  the  dissociative  electron 
attachment  (3.1)  [60].  In  case  of  CCI2F2  the  reaction 
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(6.11)  O  CCI2F2  Cl  -{-products 

(^28  =  1-5  *  10“^  [60]),  the  most  likely  products  are  stable  COF2  and 

high  reactive  chlorine  atom  Cl.  As  it  was  shown  by  mass  spectrometric  study, 
due  to  the  very  fast  conversion  the  precursor  ions  0~,  generated  in  pure  oxygen, 
are  very  effectively  converted  into  negative  chlorine  ions  Cl“  or  into  the  various 
clusters  containing  this  ion  in  mixtures  with  Trichlorethylene  [61].  The  fate  of 
Cl“  is  the  neutralization  on  the  outer  electrode,  where  either  can  react  with  the 
metal  surface  [62],  or  can  form  CI2.  Unfortunately,  the  mass  spectrometric  study 
relevant  to  conditions  in  our  experiments  are  not  available  in  literature. 

Both  the  process  of  electron  impact  dissociation  (6.9)  and  the  negative  oxygen 
ion  0“  stimulated  decomposition  of  Preon-’12  (  and  similar  compounds),  (6.11), 
are  sources  of  chlorine  atoms  which  could  enter  into  the  catalytic  cyclic  destruc¬ 
tion  of  ozone  molecules,  well  known  in  stratospheric  ozone  chemistry  [49,  63]. 
The  third  source  of  Cl  atoms,  dissociative  ionization  [64] 

(6.12)  e  +  CCI2F2  — >  2e  +  CCIF^  +  Cl 

is  not  effective  because  of  low  values  of  E/N  in  the  glow  region  of  discharge 
under  our  conditions.  The  rate  constant  calculated  by  using  electron  energy  dis¬ 
tribution  function  in  pure  oxygen  [65]  and  the  ionization  cross  section  for  (6.12), 
[64],  at  E/N  =  100  Td,  is  negligible  in  comparison  with  the  value  corresponding 
to  oxygen  ionization  [27]. 

The  reaction 

(6.13)  (7/  +  O3  — ^CW  +  02 

{kso  =  1-2  •  10~^^  cm^s”\  at  T  =  300  K,  [48])  is  of  fundamental  importance  in 
stratospheric  chemistry.  It  plays  a  key  role  in  catalytic  ozone  destruction  cycle 
because  in  the  second  reaction. 

(6.14)  ci0-\-0~^Cl-\-02 

{ksi  =  3.8  •  10~^^  cm^s”^,  at  T  =  300  K,  [48])  chlorine  atom  is  again  released. 
Under  the  conditions  of  the  glow  region  of  negative  corona  discharge  both  the 
chlorine  atoms  and  CIO  radicals  can  contribute  to  reduction  in  ozone  concen¬ 
tration,  because  Cl  atoms  are  active  in  the  destruction  of  already  formed  ozone 
molecules  and  CIO  by-product  can  reduce  the  concentration  of  atomic  oxygen 
needed  for  ozone  formation.  Hence,  the  described  scheme  may  be  active  in  the 
inhibition  of  the  observed  ozone  formation  by  chlorine  containing  halometahnes. 
The  efficiency  of  reactions  (6.13),  (6.14)  is  limited  by  the  three  body  process 

(6.15)  (7^  +  O2  +  M  — ^  ClOO  +  M 

{ks2  =  1-6  *  10“^^  cm^s“^,  [48])  which  is  competitive  with  (6.13).  The  rates  of 
reactions  (6.13)  and  (6.15)  are  equal  if  relative  ozone  concentration  in  the  glow 
region  reaches  the  value  of  0.3%,  which  is  well  fulfilled  conditions,  because  the 
values  of  ozone  ,  concentration  in  the  glow  region  of  the  discharge  are  larger  by 
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two-orders  of  magnitude  to  that  of  measured  in  the  discharge  reactor  volume 
[23,  26].  Moreover,  the  by-product  ClOO  is  a  part  of  CIO  dimer  mechanism 
described  recently,  releasing  again  chlorine  atoms  [66], 

Molecular  oxygen  is  even  a  more  efficient  inhibitor  of  CC1F2  radical  reaction 
(6.10)  due  to  the  very  effective  three  body  process 

(6.16)  CCIF2  +  O2  +  M  — >  CF2CIO2  +  M 

{kss  =  1.4  •  10“^^  cm^s”^,  M  ~  N2  ,[48]).  The  frequency  of  the  reaction  (6.16), 
1^33  =  A;33[02]^  at  atmospheric  pressure  is  much  higher  than  that  corresponding 
to  (6.10)  z/27  =  k27[0\  even  if  we  presume  not  realistic  [0]  =  0.1[O2]  in  the  glow 
region.  Therefore,  the  earlier  presumed  reaction  of  radicals  are  probably  not 
responsible  for  the  inhibition  effect. 

The  experiments  in  mixtures  of  oxygen  with  halomethanes  lead  us  to  the 
conclusion  that  in  contrast  to  SFe,  the  direct  reactions  of  oxygen  atoms  with 
halomethane  molecules  contribute  to  the  decrease  in  number  of  formed  ozone 
molecules.  Moreover,  due  to  the  efficient  electron  impact  dissociation  of  halome¬ 
thane  molecules  chlorine  atoms  released  in  various  processes  destroy  a  portion 
of  ozone  molecules  which  were  already  formed  in  the  glow  region  of  negative 
corona  discharge.  Hence,  both  the  processes  leading  to  ozone  formation  as  well 
as  processes  of  ozone  destruction  are  influenced  by  the  presence  of  halomethane 
impurity  in  oxygen. 


7.  Conclusions 

In  this  paper  we  have  presented  the  results  from  experimental  studies  aimed 
at  identifying  the  mechanisms  responsible  for  the  inhibition  effect  of  several 
representative  compounds,  which  can  be  divided  into  three  groups: 

•  CO2  a  weak  electron  attaching  gas  not  containing  chlorine  atoms, 

•  SFe  a  strong  electron  attaching  gas  not  containing  chlorine  atoms, 

•  CH2CI2,  CHCI3,  CCI4  and  CCI2F2  having  different  number  of  substituted 
chlorine  atoms  and  conspicuously  different  electron  attachment  rate  con¬ 
stants. 

Each  of  these  three  groups  was  shown  to  inhibit  ozone  production  by  a  different 
mechanisms  including  decrease  of  oxygen  content  in  the  mixture  (CO2,  SFe, 
halomethanes),  reduction  of  the  free  electron  density  (SFe),  reactions  of  oxygen 
atoms  with  radicals  (SFe)  or  impurity  molecules  (halomethanes),  decrease  in 
oxygen  atoms  production  due  to  the  competitive  electron  impact  dissociation  of 
added  impurity  molecules  (SFe,  halomethanes)  and  the  decomposition  of  ozone  in 
the  catalytic  destruction  cycle  with  chlorine  atoms  (halomethanes).  The  further 
experiments  ,  especially  mass  spectrometric  studies  of  ions  extracted  from  the 
discharge  and  GMS,  IR  and  UV  absorption  spectrometry  for  analysis  of  by¬ 
products  of  processes,  are  needed  for  better  understanding  of  the  processes  to 
be  responsible  for  the  inhibition  effect  of  impurities  on  ozone  production  in  high 
pressure  discharges. 
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The  presence  of  plasma  affects  drastically  the  operation  of  microwave  devices  driven  by 
high-current  relativistic  electron  beams.  Loading  vacuum  relativistic  microwave  oscillators 
with  plasma  changes  the  power  and  frequency  band  of  the  radiation.  The  Cherenkov  plasma 
maser,  operates  only  with  plasma  inside  and  is  based  on  exciting  the  eigenmodes  of  the  plasma 
waveguide.  Changing  the  plasma  density  in  a  Cherenkov  plasma  maser  allows  the  radiation 
frequency  to  be  varied  from  4  to  28  GHz,  which  is  impossible  in  vacuum  microwave  electronics. 
The  results  of  experiments  are  presented,  and  the  bases  of  theory  are  briefly  outlined. 


1.  Introduction 

Vacuum  relativistic  high-power  microwave  (HPM)  electronics  studies  devices 
comprising  high- current  relativistic  electron  beam  (REB)  and  a  vacuum  elec¬ 
trodynamic  structure.  At  present,  a  microwave  power  of  10^^  W  is  achievable 
in  the  X-band  of  oscillations  and  10^  W  in  the  Ka-band.  In  vacuum  relativistic 
microwave  electronics,  the  efficiency  of  devices  varies  from  several  percent  in  the 
Ka-band  to  about  30%  in  the  X-band.  Plasma  relativistic  microwave  electronics 
deals  with  the  problem  of  the  conversion  of  the  energy  of  high-current  REBs 
propagating  in  electrodynamic  structures  filled  with  plasma  into  the  energy  of 
electromagnetic  radiation.  From  the  scientific  standpoint,  a  study  is  made  of 
the  interaction  of  electron  beams  and  powerful  electromagnetic  radiation  with 
a  bounded  plasma.  Prom  the  standpoint  of  practical  applications,  these  studies 
are  intended  to  develop  powerful  microwave  oscillators  and  amplifiers.  There¬ 
fore,  we  will  concentrate  on  experiments  in  which  a  significant  fraction  of  the 
electron  beam  energy  (noless  than  several  percent)  is  converted  into  microwave 
energy.  The  present  paper  consists  of  two  parts.  In  the  first  one,  we  discuss  the 
experiments  in  which  the  plasma  is  created  so  as  to  improve  the  parameters  of 
a  vacuum  microwave  oscillator,  e.g.,  to  increase  its  power  and  efficiency.  The 
second  part  presents  the  studies  in  which  an  electron  beam  excites  the  eigen¬ 
modes  of  the  plasma  waveguide.  Unlike  the  previous  case,  the  device  cannot 
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emit  microwaves  in  the  absence  of  plasma.  Plasma  microwave  electronics  makes 
it  possible  to  transport  high-current  beams,  to  tune  frequency  by  varying  the 
plasma  density,  etc.  We  introduce  the  following  notation,  which  will  be  used 
throughout  this  paper: 

1.  general  parameters:  p  is  background  gas  pressure,  is  direction  along  the 
axis,  R  is  the  waveguide  radius,  B  is  external  magnetic  field;  e  is  the 
electron  charge,  m  is  the  electron  mass,  and  c  is  the  speed  of  light; 

2.  plasma  parameters:  Up  is  the  electron  plasma  density,  iVp  =  is 

electron  plasma  frequency,  Q,^  =  is  the  electron  cyclotron  frequency, 
Rp  is  the  radius  of  the  plasma  column,  Ap  is  the  thickness  of  the  annular 
plasma  column,  and  Lp  is  the  length  of  the  plasma  column; 

3.  REB  parameters:  We  is  the  electron  energy,  7  is  the  relativistic  factor, 
u  is  the  electron  velocity,  is  the  beam-electron  density,  is  the  beam 
current,  R^  is  the  beam  radius,  is  the  thickness  of  the  annular  beam, 
and  L})  is  the  beam  length; 

4.  parameters  of  microwaves:  P  is  the  microwave  power,  /  =  a;/27r  is  the 

microwave  frequency, .  is  the  microwave  electric  field,  Vph  is  the  phase 

velocity,  Vgr  is  the  group  velocity,  kz  is  the  longitudinal  (with  respect  to 
the  axis  of  the  system)  wavenumber,  and  kx.  is  the  transverse  wavenumber. 


2.  Plasma- induced  performance  enhancement  of  relativistic  oscillator 

Loading  an  electro  dynamic  structure  of  a  microwave  oscillator  with  plasma 
changes  the  distribution  of  microwave  field  over  the  cross  section  of  the  struc¬ 
ture.  This  may  cause  the  efficiency  increase  of  the  microwave  device.  First  this 
effect  was  found  in  a  carcinotron  (BWO)  in  [1],  and  then  was  observed  in  other 
studies  [2,  3].  Electrodynamic  structure  of  a  carcinotron  was  made  as  a  corru¬ 
gated  waveguide.  In  such  a  waveguide  a  slow  wave  exists  in  which  longitudinal 
component  of  electric  field  Ez  ^  0.  If  the  phase  velocity  of  this  wave  is  equal  to 
the  beam  electrons  speed,  microwave  radiation  appears  on  the  basis  of  Vavilov- 
Cherenkov  effect.  In  a  vacuum  carcinotron  the  amplitude  of  ^^-component  of 
the  slow  wave  is  the  highest  on  the  wall  of  the  rippled  waveguide  and  drops 
towards  the  axis.  Loading  the  waveguide  with  plasma  causes  an  increase  of  the 
jE?;s-field  far  from  the  wall,  and  a  change  of  the  efficiency.  In  the  experiments 
[1,  2,  3]  plasma  inside  a  carcinotron  was  created  by  means  of  the  residual  gas 
ionization  by  the  REB  itself.  In  paper  [1],  an  REB  (30-ns  pulse  duration,  15-kA 
current,  1-MeV  electron  energy)  was  injected  into  a  diaphragmed  waveguide  at 
the  range  of  a  gas  pressures  from  10“^  to  5  Torr.  The  radiation  power  increased 
from  practically  zero  to  maximum  as  the  gas  pressure  increased  from  lO*"^  to 
2  •  10—2  Torr.  A  further  increase  in  the  gas  pressure  culminated  in  a  strong 
decrease  in  the  radiation  power 

Plasma  changes  the  dispersion  of  a  microwave  oscillator’s  electrodynamic 
structure.  As  a  result  a  possibility  appears  to  tune  microwave  radiation  frequency 
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by  means  of  plasma  density  variation.  This  effect  was  observed  in  many  studies. 
The  most  significant  changes  of  the  frequency  were  obtained  in  [4].  At  beam 
currents  of  500  and  800  A  (the  electron  energy  being  We  —  550  (  600  keV),  the 
radiation  frequency  upshift  was  found  to  increase  from  8.5  GHz  in  the  absence  of 
a  plasma  to  11  GHz  in  the  presence  of  a  high-density  {rip  >  10^^  cm“^)  plasma. 
Also,  filling  up  of  the  REB  transport  channel  with  a  plasma  provides  the  charge 
neutralization  of  the  beam  [5],  which,  in  turn,  causes  the  beam  potential  and 
the  REB  electron  momentum  spread  to  decrease.  As  a  result,  the  plasma  either 
improves  the  beam  quality  in  comparison  with  that  in  the  absence  of  plasma  or 
makes  it  possible  to  transport  beams  with  higher  currents.  In  turn,  improving 
the  REB  quality  raises  the  efficiency  of  the  device. 

The  influence  of  the  plasma  on  the  beam  transport  in  the  interaction  region 
as  well  as  the  microwave  power  enhancement  were  demonstrated  in  [6].  In  this 
paper,  an  annular  plasma  was  created  in  the  resonator  of  a  relativistic  gyrotron 
by  an  external  source.  As  a  result  of  a  partial  neutralization  of  the  beam  space 
charge  by  a  plasma  of  concentration  up  to  3-10^^  cm“^,  it  was  possible  to  increase 
the  optimum  beam  current  in  vacuum  from  0.4  kA  up  to  1.2  kA  in  plasma  and 
the  microwave  radiation  power  from  25  MW  up  to  60  MW.  The  vacuum  gyrotron 
efficiency  was  20%  and  gyrotron  with  plasma  efficiency  was  approximately  the 
same  -  17%.  It  is  necessary  to  emphasize  that,  with  plasma  loading,  the  optimum 
current  was  almost  twice  the  limiting  vacuum  current,  whereas,  in  the  absence 
of  a  plasma,  this  current  was  lower  than  the  vacuum  limit  by  a  factor  of  2.  Note 
that  only  the  TE13  mode  was  generated  both  in  vacuum  and  with  plasma. 


3.  Relativistic  Cherenkov  plasma  maser  (CPM) 

It  is  well  known  that  an  electron  beam  in  plasma  may  be  unstable.  If  the  den¬ 
sity  of  the  plasma  is  much  higher  than  that  of  the  beam,  the  beam  instability  is 
governed  by  the  Cherenkov  effect,  and  plasma  eigenmodes  with  a  phase  velocity 
close  to  the  velocity  of  the  beam  electrons  are  excited.  The  beam  instability 
can  occur  in  both  infinite  and  bounded  plasmas,  with  and  without  an  exter¬ 
nal  magnetic  field.  If  the  transverse  (with  respect  to  the  magnetic  field  lines) 
component  of  the  electron-beam  velocity  is  equal  to  zero,  u±  =  0,  then  only 
Cherenkov  instability  is  excited.  If  this  component  is  nonzero,  u±  ^  0,  the  cy¬ 
clotron  mechanism  for  wave  excitation  may  come  into  play.  We  will  focus  on 
experiments  on  the  excitation  of  plasma  waves  by  beams  having  only  the  longi¬ 
tudinal  velocity  component.  The  main  properties  of  the  beam-plasma  instability, 
which  was  first  predicted  in  [7,  8],  were  investigated  in  quite  a  number  of  ex¬ 
periments  with  nonrelativistic  electron  beams  in  1960-70s.  These  experiments 
were  carried  out  in  three  directions.  First,  the  experimental  conditions  provided 
the  generation  of  strong  and  weakly  damped  electric  fields  in  a  plasma,  and  a 
study  was  made  of  the  possibility  for  particle  acceleration.  Second,  the  problem 
of  whether  it  is  possible  to  dissipate  the  energy  of  the  excited  waves  in  order 
to  heat  the  plasma  was  analyzed.  Finally,  experiments  of  the  third  group  were 
carried  out  to  study  the  efficiency  with  which  the  energy  of  the  plasma  waves  can 
be  converted  into  electromagnetic  radiation.  These  experiments,  as  applied  to 
nonrelativistic  plasma  microwave  electronics,  are  reviewed  in  [9,  10].  In  studying 
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Cherenkov  plasma  masers,  two  main  problems  arise,  namely,  the  excitation  of 
intense  waves  in  plasma  and  the  efBciency  with  which  the  wave  energy  is  con¬ 
verted  into  electromagnetic  radiation.  In  the  presence  of  high-current  REBs,  the 
approaches  to  solving  these  problems  change  radically,  because  powerful  REBs 
maintain  intense  waves  in  a  plasma.  Additionally,  in  the  course  of  Cherenkov 
interaction,  relativistic  beams  excite  waves  whose  phase  velocity  is  about  the 
speed  of  light.  The  efficiency  of  the  wave  transformation  is  very  high  because 
the  phase  velocities  in  plasma  and  vacuum  are  approximately  the  same.  It  is 
important  to  note  that  the  group  velocity  of  the  waves  excited  by  a  relativistic 
beam  in  a  bounded  plasma  may  also  be  close  to  the  speed  of  light. 

For  the  first  time  a  relativistic  Cherenkov  plasma  maser  was  investigated  in 
experiment  [11].  The  scheme  of  this  CPM  is  presented  in  Fig.  1.  A  REB  (1)  was 


FIG.  1.  Scheme  of  the  relativistic  CPM:  (1)  REB,  (2)  cathode,  (3)  metallic  waveguide,  (4) 
plasma,  (5)  collector,  (6)  coaxial  waveguide,  and  (7)  window. 

produced  by  the  cathode  (2)  and  injected  along  the  axis  of  the  circular  metal 
waveguide  (3)  pre-filled  with  an  annular  plasma  (4)  [12].  Both  the  plasma  and 
the  REB  were  immersed  in  an  external  longitudinal  uniform  magnetic  field.  The 
electron  beam  terminated  on  the  central  conductor  of  the  coaxial  outlet  emitting 
facility  (5).  Microwaves  generated  in  the  plasma  waveguide  propagated  along  the 
vacuum  coaxial  waveguide  (6)  and  were  emitted  from  the  window  (7),  The  main 
ideas  embedded  in  this  scheme  are  as  follows: 

1.  The  annular  plasma  has  a  diameter  larger  than  that  of  the  beam  and 
does  not  penetrate  into  the  diode  of  the  high-current  accelerator.  This 
makes  it  possible  to  perform  experiments  without  using  a  foil  that  separates 
the  plasma-filled  area  from  the  diode  and  to  generate  beams  with  zero 
transverse  electron  velocities  u±  =  0. 

2.  All  transverse  dimensions  of  the  beam,  plasma,  and  waveguide,  the  den¬ 
sities  of  the  plasma  and  REB,  and  the  magnitude  of  the  magnetic  field 
axe  all  constant  along  the  axis  of  the  system.  This  significantly  simplifies 
the  theoretical  analysis.  Also,  since  the  magnetic  field  does  not  change  in 

space,  there  is  no  resonant  absorbing  layer  in  which  u  =  Jujp  +  be- 
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cause  the  condition  u)  <  ujp  <  holds  everywhere.  Such  a  layer  might 
appear  if  the  plasma  were  terminated  on  the  walls  of  the  waveguide  in  a 
weak  magnetic  field. 

3.  The  major  portion  of  the  energy  of  the  excited  plasma  wave  is  deposited  in 
the  vacuum  gap  between  the  plasma  and  the  waveguide  wall,  rather  than 
in  the  plasma.  High  efficiency  of  the  conversion  of  the  plasma  wave  energy 
into  the  outlet  microwave  energy  is  provided  by  two  factors:  the  structure 
of  the  ”  vacuum”  part  of  the  plasma  wave  is  close  to  that  of  the  TEM  wave 
in  a  coaxial  outlet  facility  and  the  phase  velocity  of  the  plasma  wave  is 
high  (close  to  the  speed  of  light). 

4.  The  fact  that  the  outlet  facility  is  a  coaxial  system  makes  it  an  effective 
radiation  source  in  a  broad  frequency  band. 

The  theoretical  foundations  of  plasma  relativistic  microwave  electronics  were 
formulated  by  A.A.  Rukhadze  and  his  collaborators  [13,  14,  15].  To  better  un¬ 
derstand  the  experimental  results  discussed  below,  we  brieffy  describe  the  the¬ 
oretical  results  obtained  in  the  linear  approximation.  Fig.  2  (curve  1)  presents 
the  dependence  of  the  frequency  (of  a  slow  plasma  wave  on  the  longitudinal 


FIG.  2.  Dependence  of  the  frequency  (on  the  longitudinal  wavenumber  of  (1)  the  plasma 
wave,  (2)  the  beam  wave  cj  =  kzU  (for  rib  «  Up),  and  (3)  u  =  k^c. 

wavenumber  kz>  For  large  kz  {kz  »  kj_)^  the  frequency  u  approaches  tOp,  the 
wave  becomes  purely  longitudinal,  and  the  microwave  field  is  concentrated  inside 
the  plasma.  When  kz  <  A;_j_  and  u)  <Up,  the  electric  field  is  mainly  generated  in 
a  gap  between  the  plasma  and  the  waveguide  wall  (the  pattern  of  the  force  lines 
of  the  electric  field  of  the  plasma  wave  is  shown  in  Fig.  3).  Curve  2  in  Fig.  2 
corresponds  to  the  dispersion  relation  for  the  beam  wave,  oj  =  kzU,  in  the  limit 
rib  P'P'  At  the  point  of  intersection  of  curves  1  and  2,  the  Cherenkov  con¬ 
dition  u  ^  Vph  is  satisfied,  which  corresponds  to  the  onset  of  the  beam-plasma 
instability.  The  phase  velocity  of  the  plasma  wave  is  maximum  at  the  point 

kz  -  0,. 
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FIG.  3.  The  pattern  of  the  force  lines  of  the  electric  field  of  the  plasma  wave.  R—l.S  cm, 

Rp  =  0.9  cm,  and  lj  =  0.36  u)p. 


Therefore,  the  condition  Vph  <  c  always  holds,  which  is  demonstrated  in  Fig. 
2  in  which  curve  3  corresponds  to  the  equation  uj  ~  kc.  It  is  shown  that  Vph, 
depends  on  the  plasma  density  and  on  the  transverse  dimensions  of  the  plasma 
and  of  the  waveguide.  If  the  plasma  density  is  lower  than  a  certain  critical  value. 


“  3.18.109i?pApZnf 

we  have  Vph  <  u,  and  no  beam-plasma  instability  is  observed.  The  latter  rela¬ 
tionship  holds  for  «  Up  ^  and  actually  the  critical  plasma  density  Ucr  depends 
on  n^,  namely,  ricr  decreases  with  the  rise  of  n^.  Prom  Fig.  2  we  can  see  that,  in 
the  resonance  region,  the  group  velocity  Vgr  of  the  plasma  wave  is  high  enough, 
whereas,  at  w  Wp,  we  have  Vgr  «  0.  The  output  radiation  power  is  P  ~  E^Vgr. 
To  obtain  the  maximum  values  of  P,  the  parameters  of  the  CPM  should  be  cho¬ 
sen  so  that  the  group  velocity  in  the  resonance  region  is  high  and  the  electric 
field  in  the  plasma  could  attain  the  maximum  value,  which  is  governed  by  the 
nonlinearity  of  the  beam.  Fig.  3  indicates  that  the  axial  field  Ez  is  maximum 
in  the  plasma  and  falls  off  toward  the  waveguide  axis.  This  makes  it  possible 
to  control  the  coupling  between  the  beam  and  the  plasma  wave  by  changing  the 
gap  between  the  beam  and  the  plasma.  REB  excites  oscillations  in  the  plasma 
not  only  at  the  resonant  frequency,  indicated  in  Fig.  2,  but  in  a  rather  broad 
range  of  frequencies.  In  the  linear  stage  of  the  instability  development  the  mi¬ 
crowave  electrical  field  increases  along  the  length  of  the  beam  according  to  the 
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law  E  =  .  Dependence  of  the  amplification  coefficient  5k  on  frequency  for 

dififerent  values  of  plasma  density  is  shown  in  Fig.  4.  The  frequency  range  where 
the  amplification  coefficient  Sk  >  0.15  changes  from  5-10  GHz  to  33  -  37  GHz 
with  the  plasma  density  increase.  The  nonlinear  problem  of  wave  amplification 
in  plasma  waveguides  (in  particular,  for  the  experimental  layout  shown  in  Fig. 
1)  was  solved.  The  magnetic  field  is  assumed  to  be  infinite:  to  <  Up  <  fig.  In 
this  steady-state  approach,  the  plasma  waveguide  is  fed  with  TEM  mode  in  a 
broad  frequency  band.  The  transverse  structure  of  the  microwave  field,  the  spec¬ 
trum  and  the  field  amplitudes  along  the  waveguide  were  determined.  Usually, 
the  maximum  width  of  the  spectrum  was  observed  in  the  region  of  the  wave 
amplitude  saturation.  The  problem  was  considered  to  be  solved  when  the  max¬ 
imum  spectrum  bandwidth  of  the  plasma  waves  turned  out  to  be  shorter  than 
the  radiation-frequency  bandwidth  at  the  input.  It  was  shown  that,  for  the  at¬ 
tainable  parameters  of  a  REB,  the  length  of  the  region  over  which  the  microwave 
field  amplitude  saturates  for  the  frequency  band  10  -  30  GHz  may  be  of  the  order 
of  several  tens  of  centimeters,  and  the  maximum  conversion  efficiency  can  reach 
20%. 

As  shown,  the  linear  theory  predicts  the  instability  in  a  broad  frequency  range 
with  fixed  plasma  density.  Calculation  in  the  non-linear  approach  shows  that 
the  spectrum  width  of  the  outlet  radiation  is  much  less  than  the  frequency  range 
according  to  the  linear  theory.  In  Fig.  4  frequency  bands  where  the  spectrum 
density  of  the  plasma  radiation  exceeds  0.3  of  its  maximum  are  shown  by  the 


FIG.  4.  Microwave  electric  field  amplification  coefficient  for  7  =  2,  /{,  =  2  kA,  R  =  1.8  cm, 
Rp  =  0.9  cm,  Rb  =  0.6  cm,  and  Up  =  (1)3  ■  10^^  (2)8  •  10^^  (3)2.3  •  10^^  (4)4.4  •  10^^  and 
(5)6  •  1013,  (6)7  •  10^^  cm”^.  Horizontal  boldface  lines  indicate  frequency  bands  where 
according  to  the  nonlinear  theory  the  microwave  radiation  spectral  power  exceeds  the  level  of 

0.3  of  its  maximum. 

lines  2,  3,  4,  5,  6.  It  is  shown  that  in  the  particular  conditions  the  spectrum 
width  is  in  the  limits  of  2.5-5  GHz,  and  the  relative  width  changes  from  100% 
to  7%. 

Calculation  of  the  generation  regime  is  not  yet  performed.  Starting  conditions 
of  turning  on  the  generator  are  defined  from  the  condition  KiK2e^^^  >  1,  where 
and  «2  are  the  reflection  coefficients  of  a  wave  for  the  reflection  from  the  left 
and  right  borders  of  the  plasma  waveguide,  and  L  is  the  length  of  the  plasma 
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waveguide. 

Now  we  present  the  results  of  experimental  investigation  of  the  relativistic 
CPMs  with  the  installation,  which  is  schematically  presented  in  Fig.  1  (General 
Physics  Institute,  Moscow,  since  1982  up  to  this  time)  In  [11],  it  was  shown  that, 
for  a  certain  set  of  parameters  (i.e.,  the  beam  parameters,  the  radial  distribution 
of  the  beam  and  plasma  densities,  and  the  waveguide  radius),  there  is  a  critical 
length  Lcr,  defined  as  follows:  if  the  length  L  of  the  setup  is  less  than  Lcr,  then 
the  beam-plasma  system  does  not  emit  microwaves,  regardless  of  the  value  of 
the  plasma  density. 

Dependencies  of  the  total  energy  of  the  radiation  on  plasma  density  for  several 
lengths  of  the  plasma  waveguide  L  =  10,  12.5,  15,  20  cm  are  shown  in  Fig.  5. 
Full  energy  of  the  REB  in  one  pulse  ^  io  3  (500  keV,  2  C,  30  ns).  So  Fig.  5 


Fig.  5.  Microwave  pulse  energy  E  vs  plasma  density  rip  for  different  interaction  lengths  L 
of  plasma  waveguide.  B  =  2.2  T,  Rp  =  0.9  cm,  Rb  =  0.6  cm,  p  =  4.5  ■  lO*"^  Torr  (Xenon). 

shows  that  the  CPM  efficiency  in  energy  is  3%.  Microwave  pulse  duration  is 
20  ns,  so  the  power  of  ~  50  MW  are  reached,  and  the  efficiency  in  power  is 
5%.  The  radiation  at  L  =  20  cm  (curve  1)  appears  at  a  threshold  value  of 
plasma  density  2.5  ♦  10^^  cm“^.  This  value  is  close  to  the  calculated  value  of 
plasma  density,  for  which  in  the  given  conditions  the  amplification  coefficient 
Sk  >  0.  Since  for  small  values  of  plasma  density  the  maximum  value  of  the 
amplification  coefficient  (kmax  increases  with  the  rise  of  plasma  density  (Fig. 
4),  the  CPM  at  L  =  15  cm  is  switched  on  with  greater  values  of  plasma  density 
Up  =  4  - 10^^  cm“^.  Fig.  5,  in  accordance  with  the  formula  kiK2  *  >  1-  The 

increcLse  of  the  threshold  value  of  plasma  density  under  a  further  shortening  of 
the  plasma  waveguide  length  {L  =  12.5, 10  cm)  has  no  a  simple  explanation 
because  Skmax  the  values  rip  =  5  —  6  •  10^^  cm”^  (curves  5,  6,  Fig.  5)  are 
less  than  the  maximum  value,  which  is  reached  at  rip  =  2  •  10^^  cm“^  (curved  3, 
4,  Fig.  5).  It  may  be  explained  by  increasing  reflection  coefficient  when 

plasma  density  increases. 

As  the  spread  angle  of  the  electrons  increases  up  to  =  12®  and  21®,  the 
radiation  intensity  decreases  by  a  factor  of  three  and  20,  respectively  [11].  This 
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does  not  contradict  the  fact  that  the  Cherenkov  mechanism  for  wave  excitation 
has  come  into  play. 

The  spectra  of  CPM  were  investigated  in  [16,  17].  In  [17],  the  spectra  were 
measured  with  the  help  of  cut-off  filters  and  a  calorimeter  [18],  which  made  it 
possible  to  perform  direct  measurements  of  the  total  radiation  power  in  a  certain 
frequency  band. 

Radiation  spectrums  of  the  CPM  for  different  values  of  plasma  density  at 
the  length  of  plasma  waveguide  L  =  20  cm  are  shown  in  Fig.  6.  In  each  of  the 


FIG.  6.  Experimental  spectra  of  microwaves  for  different  plasma  densities: 
a)  -  0.4  ■  10^^  cm“^,  b)  -  0.8  •  10^^  cm“^,  c)  -  2.3  •  10^^  cm“^,  d)  -  4.4  •  10^^  cm“^, 
e)  -  6  •  10^^  cm-^  /)  -  7  •  10^^  cm”^ 

six  graphs  the  total  energy  of  microwave  radiation  pulse  in  J  is  indicated.  It 
is  shown  that  the  mean  radiation  frequency  increases  from  4  to  28  GHz  when 
plasma  density  changes  from  4  •  10^^  to  7  •  10^^  cm“^.  Measurement  accuracy  of 
spectrum  width  is  not  high.  From  our  measurements  it  follows  that  the  spectrum 
width  exceeds  the  width  of  the  spectrometer  bands,  i.e.  A/  >  3  GHz.  This 
can  be  inferred  from  the  fact  that  microwave  radiation  frequency  monotonically 
depends  on  plasma  density,  and  the  measured  spectrum  for  any  plasma  density 
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is  never  located  inside  one  band  of  the  spectrometer.  The  greatest  possible 
spectrum  width  is  defined  by  the  borders,  indicated  in  Fig.  6,  i.e.  exceeds  2 
or  3  times  the  bands  of  the  spectrometer.  Calculated  dependence  of  the  mean 
radiation  frequency  on  plasma  density  for  microwave  amplifier  in  the  suggestion 
B  oo  with  experimental  dependencies  for  CPM  for  two  values  of  the  magnetic 
field  B  =  1.3  T  and  B  =  2.2  T  are  compared  in  Fig.  7.  Hatching  denotes  the 
area,  where  according  to  the  calculation  dP/df  >  0.3{dP/df)max‘  It  is  seen  that 
in  the  field  of  small  values  of  plasma  density  (small  radiation  frequencies)  the 
results  of  the  experiment  coincide  with  those  of  calculations.  For  greater  values 
of  plasma  density  a  discrepancy  appears  between  the  calculation  and  experiment. 
For  instance,  in  the  experiment  for  rip  =  6-10^^  cm“^  at  fig  =  0.5^^  radiation 
frequency  /  =  21  GHz,  and  with  an  increase  of  the  magnetic  field  Hg  =  O.Qcjp 
the  radiation  frequency  rises  up  to  /  =  27  GHz.  According  to  the  calculation 
for  np  =  6  •  10^^  cm"^  under  fig  >>  ujp  the  frequency  /  =  32  GHz.  Thereby, 
the  discrepancy  between  the  calculation  and  experiment  can  be  explained  by  the  * 
fact  that  in  the  experiment  with  great  values  of  plasma  density  the  condition 
fig  >>  cjp  is  not  valid. 

In  Fig.  7  (vertical  line  cuts  on  the  curve  1)  the  greatest  possible  widths  of 
experimental  spectra  are  shown.  As  it  was  mentioned  above,  the  spectrum  width 


Fig.  7.  Microwave  radiation  mean  frequency  vs  plasma  density  (plasma  frequency  /p/27r). 
Curves:  1  -  J3  =  1.3  T,  2  -  B  =  2.2  T  were  obtained  in  experiment,  hatching  area  -  calculation 
according  to  the  nonlinear  theory.  The  vertical  lines  on  the  graph  denote  the  measurement 

bandwidth. 

is  measured  roughly.  However,  it  is  possible  to  affirm  that  for  small  values  of 
plasma  density  the  width  of  experimental  spectrum  is  approximately  equal  to 
the  calculated  one,  but  for  greater  values  the  width  of  experimental  spectrum 
exceeds  the  calculated  values.  The  coincidence  of  the  experimental  and  calcu¬ 
lated  dependencies  of  the  radiation  frequency  on  plasma  density  f{np)  is  the 
most  reliable  proof  of  the  fact  that  the  lowest  on  the  radial  index  azimuthally- 
symmetrical  mode  of  the  slow  plasma  wave  is  really  excited.  Constant  level  of 
the  radiation  power  when  changing  plasma  density  (Fig.  5,  curve  1)  related  to 
the  fact  that  the  maximum  value  of  the  growth  rate  {k  is  approximately  on  the 
same  level  for  different  values  of  plasma  density.  Fig.  4.  Besides,  the  constant 
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level  of  the  radiation  power  demonstrates  that  the  reflection  coefficient  of  a  wave 
from  the  transition  of  the  plasma  waveguide  in  vacuum  coaxial  waveguide  re¬ 
mains  approximately  constant  under  simultaneous  change  of  plasma  density  and 
excited  waves  frequencies.  It  is  common  knowledge  that  loading  a  waveguide 
with  plasma  allows  currents  to  be  transported  exceeding  the  value  of  the  lim¬ 
iting  vacuum  current  [5],  so  it  is  worth  researching  a  dependence  of  microwave 
radiation  power  on  the  current  value.  All  results  were  obtained  at  the  current 
2  kA,  whereas  the  limiting  vacuum  current  was  3.5  kA.  Increase  of  the  beam 
current  to  3  kA  did  not  cause  a  rise  of  the  microwave  generation  power.  This 
is  related  to  the  reduction  of  the  amplifier  efficiency  obtained  in  the  theory  [15], 
when  the  beam  current  approached  the  value  of  the  limiting  vacuum  current. 
Hence,  it  is  experimentally  proved  that  in  the  plasma  relativistic  microwave  os¬ 
cillator  in  a  broad  range  of  values  of  plasma  densities  the  lowest  on  the  radial 
index  azimuthally-symmetrical  slow  eigenmode  of  the  plasma  waveguide  is  ex¬ 
cited.  For  the  first  time  a  frequency  tuning  was  obtained  by  a  factor  of  7  from 
4  to  28  GHz  at  the  power  level  30  -  50  MW  due  to  the  varying  of  one  param¬ 
eter:  plasma  density.  Prom  application  standpoint  it  is  important  that  such  a 
frequency  tuning  can  be  implemented  during  ~  30  /iS,  which  is  defined  by  the 
plasma  density  variation  rate.  In  some  applications,  it  is  convenient  to  possess 
the  Hu  mode  of  a  circular  waveguide  on  the  exit  side  of  the  device.  In  [19],  a 
unit  that  converted  the  TEM  mode  into  the  Hu  mode  was  installed  between  the 
coaxial  outlet  waveguide  and  the  conical  horn.  It  was  shown  that,  for  a  570-keV, 
3-kA  beam,  only  the  radiation  corresponding  to  the  Hu  mode  was  observed,  the 
radiation  power  being  100  MW.  In  that  paper,  the  possibility  of  increasing  the 
beam  current  was  studied.  In  the  previous  work,  the  beam  was  injected  into 
the  plasma  cylinder,  i.e.,  the  beam  diameter  was  small  (11  mm).  The  vacuum 
limiting  current  determined  by  the  ratio  of  the  waveguide  to  beam  radius  was 
not  high, 


(^2/3  _ 

(3.3)  I  =  8.5M  •  ^ —  «  3.5kA. 

The  plasma  around  the  beam  leads  to  an  increase  in  the  maximum  possible 
beam  current;  this  effect  becomes  more  pronounced  as  the  plasma  density  grows. 
Another  way  to  increase  the  beam  current  is  to  use  beams  with  Rp  <  R}y  <  R. 
In  [19],  for  the  beam  diameters  2Rf)  =  20  and  25.5  mm,  the  limiting  currents 
were  found  to  be  10,5  and  30  kA,  respectively.  In  the  presence  of  a  plasma,  these 
currents  can  be  further  increased,  but  even  the  vacuum  limiting  current  of  about 
30  kA  is  sufficient  to  eliminate  all  the  problems  associated  with  the  beam  space 
charge  for  <  10  kA  (note  that,  in  previous  experiments,  the  beam  current  was 
equal  to  1  -  3  kA).  In  [19],  it  was  found  that  the  start  current  of  the  oscillator 
rises  with  increasing  beam  diameter.  This  corresponds  to  the  situation  when  the 
longitudinal  microwave  field  Ez  decreases  with  increasing  the  radial  coordinate 
in  the  gap  between  the  plasma  and  the  waveguide  wall  (see  Fig.  3).  Hence, 
the  interaction  between  the  beam  electrons  and  the  wave  field  weakens.  For 
2Rp  ~  25.5  mm  and  the  beam  current  6  kA,  the  electron  energy  420  keV  and  the 


480 


P.  S.  Strelkov 


microwave  power  300  MW  were  achieved,  the  conversion  efficiency  being  12%. 
A  further  increase  in  the  current  leads  to  a  decrease  in  the  microwave  power. 
Besides  other  advantages,  the  principle  of  operation  of  the  CPM  makes  it  possible 
to  avoid  the  problem  of  microwave  pulse  shortening,  which  is  inherent  to  vacuum 
devices  of  relativistic  high-current  microwave  electronics.  In  any  high-current 
microwave  oscillator  driven  by  a  REB,  pulse  shortening  of  microwave  radiation 
is  determined  by  the  process  of  plasma  formation  in  the  device.  Although  there 
are  many  factors  leading  to  the  undesirable  plasma  formation,  most  of  them  can 
be  successfully  eliminated.  Nevertheless,  in  any  vacuum  high-current  microwave 
device,  in  which  a  REB  propagates  near  the  slow- wave  structure  surface  because 
of  its  significant  space  charge,  there  is  one  mechanism  [20]  for  intense  plasma 
accumulation  that  is  difficult  to  overcome.  First,  a  strong  microwave  field  causes 
the  destruction  of  a  REB,  and  a  certain  fraction  of  the  beam  electrons  are  ejected 
to  the  wall  under  the  action  of  this  field.  The  electron  bombardment  results  in  the 
formation  of  a  plasma  layer  on  the  wall  surface.  Then,  a  microwave  discharge 
develops,  and  the  amount  of  plasma  increases  until  the  process  of  microwave 
radiation  comes  to  an  end. 

In  order  to  avoid  microwave  pulse  shortening,  we  propose  to  use  plasma 
microwave  oscillators.  In  these  devices,  the  space  charge  of  an  electron  beam 
is  neutralized  by  that  of  the  plasma,  so  that  the  REB  may  propagate  far  from 
the  waveguide  surface.  Besides,  the  microwave  field  on  the  wall  is  low,  and  the 
probability  of  the  development  of  a  microwave  discharge  on  the  wall  is  also  low. 
Of  course,  all  the  available  means  must  be  engaged  in  eliminating  the  influence  of 
the  plasma  on  the  collector,  cathode,  etc.  over  the  entire  device.  Our  experiment 
with  a  CPM  of  microsecond  pulse  duration  is  described  in  [21]. 

The  CPM  was  driven  by  a  REB  with  peak  electron  energy  of  500  keV  and 
beam  current  of  2  kA.  This  current  was  approximately  equal  to  the  vacuum  lim¬ 
iting  current  in  the  drift  tube.  The  annular  REB  of  microsecond  pulse  duration 
had  the  geometry  completely  stabilized  according  to  the  technology  described 
in  [22],  so  neither  beam  radius,  nor  its  thickness  changed  in  the  course  of  the 
pulse.  The  waveforms  of  the  cathode  voltage  and  of  the  microwave  pulse  are 
shown  in  Fig.  8.  Microwaves  are  emitted  over  800  ns,  and  the  radiation  does 
not  terminate  abruptly,  as  it  usually  does  in  the  case  of  microwave  breakdown. 
The  radiation  pulse  energy  was  measured  with  a  broadband  calorimeter  [18] 
and,  in  the  shot  under  consideration,  was  found  to  be  21  J,  being  the  value 
corresponding  to  the  average  microwave  power  ^  25  MW  (and,  accordingly,  the 
peak  power  ~  40  MW)  and  the  peak  efficiency  4%.  Fig.  9  displays  the  exper¬ 
imental  spectra  of  microwaves  for  comparatively  low  and  high  plasma  densities 
(the  ratio  being  about  2)  measured  by  a  calorimetric  spectrometer.  Therefore, 
our  experiments  demonstrated  that  the  features  of  the  Cherenkov  plasma  maser 
enable  the  effect  of  microwave  pulse  shortening  to  be  eliminated,  and  we  think 
that  this  result  is  very  encouraging.  First  experiments  were  carried  out  on  the 
creation  of  plasma  relativistic  microwave  amplifier  [23].  Successful  experiments 
on  plasma  relativistic  microwave  oscillator  give  hope  to  design  the  amplifier  with 
broad-band  frequency  tuning,  e.g.,  from  4  GHz  to  28  GHz.  The  scheme  of  the 
amplifier 
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FIG.  8.  Waveforms  of:  a)  -  microwave  power;  b)  -  cathode  voltage. 


FIG.  9.  Spectra  of  the  microsecond  CPM  microwave  radiation  for  low  and  high  plasma 

densities. 

is  mostly  similar  to  that  of  the  oscillator.  It  differs  by  the  presence  of  a  microwave 
absorber  for  a  feedback  damping  and  by  an  additional  waveguide,  through  which 
the  entrance  is  supplied  by  microwave  power  (~  100  kW)  at  the  frequencies  9 
and  13  GHz.  A  part  of  the  amplifier  radiation  100  kW)  was  received  with 
a  horn  and  divided  further  in  a  waveguide  in  two  equal  parts.  One  part  went 
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directly  to  a  detector,  and  the  other  one  was  directed  through  a  microwave  filter 
with  the  passband  of  4%.  Denote  the  signal  from  the  first  detector  as  Ai  and  from 

j^max 

the  second  one  as  A2.  In  the  range  of  plasma  densities  =  3  an  amplification 

was  observed.  In  this  range  of  plasma  densities  microwave  generation  was  almost 
absent.  The  signal  Ai  was  equal  to  1  V,  and  A2  =  0.  With  the  power  P  =  100 
kW  at  the  entrance  the  signal  Ai  =  7.5  V,  and  A2'^  Ay.  The  equality  Ai  ^  A2 
means  that  the  bandwidth  of  the  amplified  signal  is  less  than  4%.  The  outlet 
radiation  power  P  =  20  MW  with  the  electron  beam  power  750  MW  (500  keV, 
1.5  kA).  Hence,  the  possibility  of  experimental  implementation  of  the  amplifier 
is  proved.  Its  efficiency  3%  is  low,  nevertheless  calculations  show  a  possibility  of 
efficiency  increase  to  20%. 

The  design  of  the  plasma  amplifier  will  allow  to  have  a  source  of  narrow  band 
microwave  radiation  with  broad  frequency  tuning,  whereas  the  plasma  microwave 
oscillator  gives  broad-band  radiation  ^  «  1  -  0,3  with  the  same  wide  tuning  of 
the  mean  frequency. 


4.  Conclusion 

Thus,  it  was  checked  experimentally  that  three  physical  effects  due  to  loading 
a  vacuum  relativistic  oscillator  with  plasma,  namely,  the  change  of  microwave 
field  spatial  distribution,  REB  space  charge  neutralization,  and  the  change  of 
electrodynamic  structure  dispersion,  can  improve  the  parameters  of  vacuum  rel¬ 
ativistic  microwave  oscillators.  The  plasma  relativistic  microwave  oscillator  was 
created.  High  electron  energy  plays  a  decisive  role,  the  proposed  scheme  of  the 
CPM  is  effective  only  if  relativistic  electrons  are  in  use.  The  main  features 
of  the  interaction  between  a  REB  with  bounded  plasma  were  studied  theoreti¬ 
cally  and  experimentally.  The  unprecedented  microwave  broad-band  oscillator, 
which  is  tunable  in  a  wide  frequency  range,  was  designed.  This  oscyllator  has 
no  analogues  in  vacuum  relativistic  microwave  electronics.  Seven-fold  frequency 
variation  can  be  performed  during  ~  30  ^s.  First  results  in  the  study  of  plasma 
relativistic  microwave  amplifier  were  obtained.  This  study  is  aimed  at  the  cre¬ 
ation  of  a  source  of  monochromatic  radiation  tunable  in  a  wide  frequency  band 
similar  to  that  of  the  CPM, 
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The  results  of  the  investigation  of  nanosecond  microwave  discharge  are  reviewed.  Nanosecond 
microwave  discharge  is  a  new  branch  of  gas  discharge  physics.  The  paper  lists  base  types  of 
microwave  generators  used  to  produce  nanosecond  discharge  and  classifies  the  discharges  relative 
to  their  base  parameters:  the  way  the  discharge  gets  localized  in  a  limited  space,  amplitude 
and  frequency  of  microwave  field,  gas  pressure,  duration  of  microwave  pulses.  The  laboratory 
experiments  performed  and  the  new  effects  which  appear  in  nanosecond  microwave  discharge 
are  briefly  summarized.  Different  applications  of  such  a  discharge  are  analyzed  on  the  basis  of 
the  experimental  modelling. 


1.  Introduction 

Microwave  discharges  attract  much  attention  as  sources  of  non-equilibrium 
plasma.  High  chemical  activity  of  the  excited  particles  (vibrationally  and  elec¬ 
tronically  excited  molecules;  radicals  formed  in  the  process  of  dissociation  of 
molecules)  explain  the  interest  in  application  of  non-equilibrium  plasma  for  pro¬ 
duction  of  novel  materials,  surface  treatment,  film  deposition,  etc.  Adicrowave 
discharges  have  a  number  of  attractive  features  in  terms  of  the  mentioned  ap¬ 
plications,  as  compared,  e.g.,  with  dc  discharges.  Among  these  features  are 
technological  case  of  transportation  of  microwave  energy  to  the  plasma  reactor; 
efficiency  of  absorption  of  electromagnetic  energy  in  the  discharge  plasma;  long 
time  during  which  purity  of  the  gas  mixture  is  retained  due  to  the  absence  of 
electrodes;  ease  of  producing  large  volumes  of  plasma;  high  specific  energy  con¬ 
tributions  that  can  be  achieved;  selective  character  of  application  of  electron 
energy  to  internal  degrees  of  freedom  of  molecules. 

The  simplest  classification  of  microwave  discharges  is  based  on  the  difference 
in  regimes  of  operation  of  microwave  generators,  i.e.  they  can  be  pulsed  or  con¬ 
tinuous.  A  microwave  breakdown  in  the  pulsed  regime  requires  stronger  electric 
fields  than  that  in  the  continuous  wave  regime  and  the  threshold  field  depends 
on  pulse  duration.  The  thing  is  that  for  a  gas  breakdown  to  occur  the  value  of 
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the  field  should  be  such  as  to  provide  evolution  of  the  electron  avalanche  during 
the  pulse. 

The  performed  experiments  employed  microwave  pulses  of  different  duration: 
from  several  nanoseconds  to  hundreds  of  microseconds.  During  a  microwave  gas 
breakdown  various  physical  situations  are  possible.  At  longer  duration  of  mi¬ 
crowave  pulses  (tens  of  microseconds  or  longer)  electromagnetic  fields  with  mod¬ 
erate  intensity  are  needed  for  gas  breakdown,  in  which  the  oscillatory  electron 
energy  1 2m{uP'  + ,  where  e  and  m  are  the  charge  and  the  mass 

of  electron,  cj  is  the  field  frequency,  u  is  the  effective  collision  frequency  of  elec¬ 
trons,  is  much  less  than  the  average  electron  energy  e  and  the  atomic  ionization 
potential  «  e  <  !{. 

Gas  breakdowns  by  microwave  pulses  with  short  nanosecond  duration  require 
strong  microwave  fields.  In  such  a  strong  field  in  the  region  of  low  and  moderate 
gas  pressures  the  oscillatory  electron  energy  is  equal  to  or  more  than  the  ion¬ 
ization  potential  of  the  gas:  >  !{.  Under  these  conditions  the  development 

of  discharge  is  accompanied  by  some  effects  absent  at  gas  breakdown  in  mod¬ 
erate  intensity  fields,  where  <<  e  <  /j.  These  effects  are  due  to  the  high 
rate  of  ionization  of  molecules  by  electron  impact,  short  pulse  duration  and  high 
electron  energies  [1-4]. 


2.  Microwave  sources 

Currently  pulsed  discharges  produced  by  microwave  radiation  in  the  frequency 
range  /  =  2.45  —  40  GHz  are  studied  intensively.  In  these  experiments  the  dis¬ 
charge  was  produced  by  means  of  different  generators:  magnetrons,  powerful 
gyrotrons  and  generators  on  relativistic  electron  beams.  Table  1  lists  character¬ 
istic  parameters  of  these  generators. 

Table  1.  Lists  characteristic  parameters  of  pulsed  microwave  generators 


Microwave  source 

Pulse  duration 

Peak  power 

Magnetron 

0.1  -  10  /US 

100  kW 

Gyrotron 

100  -  1000  /us 

0.1  -  1  MW 

Relativistic 

BWO 

10  -  100  ns 

0.1  -  1  GW 

At  present  there  is  a  great  progress  in  development  of  microwave  generators 
on  relativistic  electron  beams  [5].  These  generators  have  a  high  peak  power 
P  =  (3  ~  5)  •  10^  W  at  pulse  duration  r  =  10  —  100  ns  [6]  and  can  operate  with  a 
high  repetition  frequency  up  to  P  =  100  Hz  [7].  These  sources  are  widely  used 
in  laboratory  experiments  [8,  9]. 

Note  that  recently  significant  progress  has  been  made  in  obtaining  power¬ 
ful  nanosecond  microwave  pulses  by  the  method  of  pulse  compression.  When 
this  method  is  used,  a  low-power  (and,  hence,  inexpensive)  pulsed  magnetron 
combined  with  a  microwave  compressor  can  easily  compete  with  generators  on 
relativistic  electron  beams  in  production  and  application  of  powerful  nanosecond 
microwave  pulses  in  technology. 


Gas  discharge  produced  by  strong  microwaves  of  nanosecond  duration 


487 


FIG.  1.  Switched  energy  storage  and  spatial  distribution  of  the  electric  field  during  the  energy 
storage  cycle  (a)  and  the  energy  extraction  cycle  (b). 


The  most  widely  studied  system  is  a  microwave  pulse  compressor  based  on 
a  storage  of  microwave  energy  in  cavity  and  subsequent  quick  extraction  of  the 
energy  to  a  load  by  a  rapid  change  in  the  coupling  to  the  load  by  the  use  of  gas 
switches.  The  best  results  obtained  so  far  are  presented  in  Table  2.  Some  results 
were  obtained  with  cavities  based  on  oversized  waveguides,  switches  were  based 
on  the  H-plane  junction  [10-12].  The  most  widely  studied  compressor  is  shown 
in  Fig.  1. 


Table  2.  Single  stage  compressors 


Frequency 

GHz 

Power 

gain 

Output  power 
MW 

Pulse  duration 

ns 

Reference 

3 

44 

70 

15 

[10] 

3 

70 

100 

20 

[12] 

2.85 

23 

160 

20 

[11] 

10 

50 

2.5 

8 

[12] 

9.4 

20 

1.8 

25 

[14] 

11.4 

12 

100 

50 

[15] 

It  is  seen  from  Table  2  that  using  such  a  compressor,  researchers  obtained 
powerful  microwave  pulses  at  large  wavelength  (/  =  3  GHz)  owing  to  the  success¬ 
ful  design  of  the  energy  outlet  based  on  the  H-plane  junction.  Unfortunately,  at 
the  shorter  wavelength,  such  compressor  operates  much  worse.  Primarily,  this  is 
because  the  single-mode  H-plane  junction  has  a  small  cross-section  and  therefore 
limits  the  extracted  power. 

For  the  operation  in  the  X-band  a  new  type  of  the  compressor  has  been 
proposed  [13-15],  The  idea  consists  of  the  using  Bragg  resonators  for  storage 
microwave  energy.  A  schematic  diagram  of  the  compressor  is  shown  in  Fig.  2. 
The  compressor  is  a  cylindrical  cavity  limited  by  Bragg  reflectors  at  both  ends. 
The  microwave  radiation  of  the  generator  is  put  into  the  cavity  through  one  of 
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the  Bragg  reflector  and  put  out  through  the  other.  The  plasma  switch  placed  into 
the  second  Bragg  reflector  is  used  for  switching  from  the  regime  of  energy  storage 
to  the  regime  of  energy  extraction.  The  use  of  Bragg  reflectors  makes  it  possible 
to  employ  oversized  waveguide  resonators  with  diameters  much  greater  than  the 
wavelength,  at  the  same  time  retaining  the  control  of  the  spatial  structure  of 
the  microwave  radiation.  Since  the  compressor  operates  in  the  low- loss  TEq^ 
mode,  the  primary  microwave  generator  is  coupled  to  the  compressor  via  a  mode 
converter. 


microwave 

source 


Bragg 

reflector 

i_^ruVL. 


mode 

converter 


'"WAT 


electrically 
controlled 
Bragg  reflector 


cylindrical 

cavity 


load 


mode 

converter 


FIG.  2.  Schematic  layout  of  microwave  pulse  compressor  with  Bragg  reflectors. 


The  schematic  diagrams  of  the  output  reflectors  with  a  plasma  switches  which 
have  been  used  in  experiments  are  shown  in  Fig.  3.  In  the  first  case  (Fig.  3a)  the 
plasma  switch  is  made  of  gas-discharge  tubes  placed  along  a  periodic  structure 
of  the  Bragg  reflector.  The  plasma  in  the  tubes  is  produced  by  supplying  a 
high-voltage  pulse  to  one  electrode  of  the  tubes.  The  tubes  are  not  switched 
in  the  energy  storage  regime.  When  the  plasma  is  produced  simultaneously  in 
the  tubes,  the  wave  constant  in  the  Bragg  reflector  is  changed  at  the  reflector 
length,  the  Bragg  reflection  conditions  are  not  satisfied  and  the  reflector  becomes 
transparent. 

In  the  second  case  (Fig.  3b)  the  output  reflector  is  based  on  a  step-wise 
widening  of  a  circular  waveguide.  This  stepped  widening  section  comprises  a 
cylindrical  TE^n  mode  resonator  containing  a  quartz  ring-shaped  gas-discharge 
tube.  The  discharge  tube  is  used  for  switching  from  the  regime  of  energy  storage 
to  the  regime  to  energy  extraction.  The  testing  of  prototype  designs  of  such 
a  compressor  using  100  kW-level  microwaves  (/  =  9.4  GHz)  showed  that  a 
compressor  of  this  design  is  able  to  provide  power  gains  up  to  20  [14].  Recently 
an  active  pulse  compressor  has  been  developed  that  is  able  to  provide  output 
pulses  of  at  least  100  MW  power  with  pulse  duration  of  100  ns  at  X  band  and 
with  a  power  gain  of  12  -  15  and  compression  efficiency  of  50  -  60%  [15]. 

Thus,  modern  microwave  sources,  such  as  generators  on  relativistic  elec¬ 
tron  beams  and  magnetrons  combined  with  microwave  compressors  can  generate 
pulses  of  power  10^  —  10^  W,  duration  10~®  —  10“^  s,  and  mean  power  1-2  kW. 
Such  parameters  of  radiation  make  it  possible  to  consider  nanosecond  microwave 
discharges  for  diff’erent  applications. 
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Fig.  3.  Output  reflector  based  on  electrically  controlled  Bragg  reflector  (a);  on  the  stepwise 
widening  of  the  circular  waveguide  (b)  (1  -  waveguide,  2  -  movable  waveguide, 

3  “  gas  discharge  tube,  4  -  electrode). 


3.  Experimental  schemes 

Up  to  now  a  number  of  various  experiments  have  been  performed,  in  which  the 
nanosecond  microwave  discharge  has  been  studied.  First  of  all  one  can  divide 
microwave  discharges  into  two  groups  according  to  schemes  of  producing  them. 
The  first  group  includes  discharges  with  free  space  localization.  The  localiza¬ 
tion  of  the  discharge  is  produced  by  geometry  of  the  electromagnetic  field.  In 
the  experiments  different  structures  of  the  wave  field  were  created  [9,  16].  The 
main  schemes  for  producing  freely  localized  discharges  are  shown  in  Fig.  4.  It 
should  be  noted  that  the  microwave  gas  breakdown  in  the  conditions  of  free  field 
localization  has  the  following  specific  features  [17].  The  discharge  evolves  under 
a  strong  perturbing  action  of  the  forming  plasma  upon  the  field.  The  main  pro¬ 
cesses  that  determine  limitation  of  the  field  in  plasma  are  electrodynamic  effects: 
refraction,  absorption  and  reflection  of  electromagnetic  waves.  These  processes 
limit  the  growth  of  the  electron  avalanche  during  the  gas  breakdown  at  a  lower 
level  than  the  critical  density. 

The  second  group  includes  discharges  in  which  plasma  gets  localized  by  means 
of  a  vacuum  chamber  or  a  tube.  The  main  schemes  for  producing  such  discharges 
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FIG.  4.  Schemes  for  creation  of  pulsed  microwave  discharges:  in  a  focused  wave  beam  (a),  in 
the  field  of  a  converging  cylindrical  wave  (b),  in  two  opposite  wave  beams  (c):  1  -  microwave 
radiation,  2  -  quartz  retort,  3  -  discharge  plasma,  4  -  parabolic  cylinder,  5  -  spherical  mirror. 


are  shown  in  Fig.  5.  The  discharge  was  produced  in  tubes  in  a  waveguide 
[18].  Discharges  of  the  second  group  also  have  their  specific  features.  In  such 
discharges  the  nonlinearity,  which  leads  to  field  variation  in  plasma,  is  a  field 
displacement  out  of  the  plasma  due  to  the  skin-effect.  The  electron  density  in 
such  discharges  is  higher  than  the  critical  one. 


FIG.  5.  Schemes  for  creation  of  microwave  discharges  with  plasma  localization  by  means  of 

tubes  in  waveguide. 


4.  Ionization  rate  measurements 

Measurements  of  the  ionization  frequency  in  a  wide  range  of  microwave  fields 
is  an  important  problem  for  gas  discharge  physics.  Many  experiments  were 
concerned  with  measurements  of  i/j  [1,  9,  19].  The  gas  ionization  rate  in  the 
experiments  [1,  9]  was  determined  through  measurements  of  the  breakdown  time 
Th  by  the  cutoff  of  the  post-focus  microwave  pulse.  For  a  nanosecond  gas  break¬ 
down  the  electron  losses  during  the  pulse  are  absent,  therefore  vi  coincides  with 
the  avalanche  constant  in  the  expression  for  the  electron  concentration.  The 
ionization  frequency  Vi  was  calculated  by  the  formula 


(4.1) 


Vi  =  ln{NeklNeo)ln 
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where  and  N^o  are  the  final  and  initial  electron  densities.  At  a  low  pressure 
{y  «u))^  Vi  can  be  represented  as  the  dependence  of  the  ratio  z/^/p  on  another 
the  parameter  E/to.  This  law  of  similarity  follows  from  the  kinetic  equation. 
Fig.  6  presents  results  of  measurements  obtained  by  different  researchers.  It  was 
found  out  that  in  the  parameter  region  5  •  10”^  <  Eju)  <  2  •  10~^  Vs/cm  the 
ionization  frequency  Vi  does  not  change  with  increasing  E  and  can  be  approxi¬ 
mated  by  the  expression  Vim  =  lO^p  s“l,  where  A  ==  1.2  for  helium,  A  =  7 
for  nitrogen  and  gas  pressure  in  Torr. 

For  these  conditions  the  gas  ionization  rate  can  be  calculated  by  using  the 
results  of  the  investigation  of  the  energy  electron  distribution  Function  in  the 
strong  fields  [20,  21].  If  the  ionization  capacity  does  not  depend  on  the  electron 
translational  velocity  the  electron  distribution  function  can  be  regarded  as  the 
function  of  uniform  electron  distribution  over  initial  phases  of  their  motion  in 
the  wave  field  [20]: 


(4.2)  =  Ne[t)lTx^Jvl-v?, 

where  vq  ~  eEfmcjy  u  is  translational  velocity  and  v  =  u-vq  cos^^;^.  Computa¬ 
tions  and  some  analytical  estimations  taking  into  account  the  dependence  of  the 
ionization  rate  on  the  translational  velocity  u  were  done  in  [1]. 

Calculations  of  Vi  in  a  wide  region  of  the  parameter  E/u),  taking  into  account 
the  function  of  uniform  electron  distribution  over  initial  phases  (formula  (4.2)), 
are  in  satisfactory  agreement  with  the  experimental  data,  Fig.  6. 


Vj/p,  Torr"^ 


FIG.  6.  Ionization  frequency  for  nitrogen 
(1),  (2)  and  helium  (3)  -  (5):  D,  O  -  our 
experiment;  1,  3  -  data  of  [19]; 

4,  5  -  calculation  of  [20,  21]. 


5  cm^ 


FIG.  7.  Open-shutter  photographs  of  the 
discharge  at  different  initial  electron 
densities:  a  -  1  cm“^,  b  -  10®  cm“®. 

The  microwave  beam  propagates  from  left  to 
right. 
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5.  Discharge  dynamics  and  structure 

In  comparison  with  microwave  discharge  in  weak  electric  field  where  <<  e  <  4 
some  new  effects  appear  in  nanosecond  microwave  discharge  [1-4]. 


5.1.  Discrete  structure  of  discharge 

At  gas  pressures  from  1  to  100  Torr  two  types  of  structures  of  a  nanosecond 
discharge  in  wave  beam  were  observed,  depending  on  the  level  of  initial  (pre¬ 
breakdown)  electron  density  [9].  Time-integrated  photographs  of  the  discharge 
in  helium  at  the  pressure  of  p  =  50  Torr  and  at  the  electric  field  intensity  in 
beam  focus  Ep  =  15  kV /cm  is  given  in  Fig.  7.  The  first  discrete  multiplasmoid 
structure  occurred  as  a  result  of  gas  breakdown  on  separate  initial  electrons.  The 
initial  electron  avalanches  formed  around  every  primary  electron  did  not  merge 
because  of  short  duration  of  the  microwave  pulse.  The  second  homogeneous 
structure  was  observed  under  the  increase  of  the  initial  level  of  electron  density. 

The  densities  of  primary  electrons  were  changed  by  an  external  ionizer.  When 
the  spark  discharge  was  put  into  the  vacuum  chamber  and  its  ultraviolet  radiation 
increased  the  electron  density  in  the  breakdown  region  before  the  microwave 
pulse  up  to  10^  —  10^  cm”^,  then  the  light  emission  of  the  discharge  was  always 
homogeneous,  Fig.  7. 

The  development  of  the  discharge  on  separate  electrons  can  be  observed  only 

in  strong  microwave  field.  This  conclusion  is  confirmed  by  the  following  estima- 

—1/3 

tion.  The  average  interval  between  the  initial  electrons  equals  ro  =  Neo  ^  and 
the  electron  avalanche  around  every  primary  electron  expands  due  to  diffusion. 
During  the  breakdown  time  its  dimension  will  be  approximately  equal  to  the 
characteristic  diffusion  length  for  electrons  Taking  into  account 

the  formula  (4.1)  for  the  breakdown  time,  one  obtains  the  expression  at  which 
the  electron  avalanches  do  not  overlap  and  the  discharge  is  discrete: 

(5.1)  D-n<  JV-2/3 
or 

(5.2)  Vi>D-Nll^-ln{NeklNeo). 

Thus,  there  is  a  limitation  for  the  ionization  frequency  when  the  discrete 
structure  of  the  discharge  is  being  observed. 


5.2.  Delay  of  the  optical  radiation  relative  to  microwave  pulse 

High  electron  energies  obtained  in  a  nanosecond  discharge  can  influence  greatly 
the  dynamics  of  its  light  radiation.  The  experiment  [22]  demonstrated  that  at 
low  nitrogen  pressures  the  light  radiation  of  the  discharge  produced  in  the  focal 
region  of  the  beam  reached  its  maximum  after  the  microwave  pulse,  Fig.  8. 
The  observed  delay  of  the  light  pulse  is  explained  by  high  electron  energy  during 
the  microwave  pulse.  According  to  calculations  this  electron  energy  substantially 
exceeds  the  energy  corresponding  to  the  maximum  of  the  excitation  cross-sections 
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FIG.  8.  Oscillograms  of  the  microwave  pulse  FIG.  9.  Inverse  electron  density  Ne“^  at 
and  optical  radiation  of  the  discharge  at  nitrogen  pressure  p  =  0.6  Torr. 

nitrogen  pressure  p  =  0.6  Torr,  as  presented 
in  [22]. 

of  the  electronic  levels  responsible  for  light  emission  (eg  =  10-20  eV).  Therefore, 
the  main  excitation  of  the  nitrogen  molecules  takes  place  after  cessation  of  the 
microwave  pulse,  when  the  electron  energy  drops  appreciably. 

5.3.  Effect  of  slow  plasma  decay  in  nitrogen-oxygen  mixture 

The  plasma  decay  of  the  nanosecond  microwave  discharge  also  has  specific  fea¬ 
tures.  The  dynamics  of  electron  density  was  investigated  with  the  help  of  mi¬ 
crowave  interferometer  [1]  at  a  wavelength  of  A  =  8  mm.  Fig.  9  presents  the  time 
dependence  of  the  inverse  electron  density  at  nitrogen  pressure  p  =  0.6  Torr.  We 
can  see  that  at  t  <  10  ps  the  plasma  decay  goes  on  slowly.  A  linear  dependence 
of  on  time  characterizes  the  plasma  decay  due  to  dissociative  recombination 
with  the  coefficient  ^  2  •  10“®  cm^/s  at  p  =  0.6  Torr. 

Such  a  recombination  coefficient  indicates  an  appreciable  electron  tempera¬ 
ture  at  times  t  <  10  ps  after  cessation  of  microwave  pulse.  By  approximating 
the  dependence  of  recombination  coefficient  on  the  electron  temperature  by  the 
power-law  expression  aei  =  ao  •  {300/Te)^’^  where  ao  =  2.7  •  10“'^  cm^/s  [23]  we 
obtain  Tg  «  5  eV.  The  expression  used  for  the  electron  recombination  rate  is 
correct  for  the  electrons  having  temperature  which  does  not  exceed  Tg  =  1  eV 
[23].  Nevertheless  this  estimation  gives  the  order  of  magnitude  of  electron  tem¬ 
perature. 

The  prolonged  relaxation  of  electron  energy  after  a  microwave  discharge  is 
apparently  due  to  the  influence  of  collisions  between  electrons  and  electronically 
excited  nitrogen  molecules.  The  population  of  the  electronic  levels  of  nitro¬ 
gen  after  a  nanosecond  microwave  discharge  can  be  appreciable,  since  a  major 
portion  of  the  microwave  energy  absorbed  by  the  discharge,  at  a  high  value  of 
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the  parameter  E/N,  is  expanded  in  ionization  and  excitation  of  the  electronic 
levels  of  the  molecules.  A  calculation  of  the  electron  distribution  function  in 
the  decaying  plasma,  carried  out  in  [24],  shows  that  the  electron  distribution 
function  is  enriched  with  high-energy  electrons  due  to  superelastic  collisions  of 
electrons  with  electronically  excited  molecules  N2{A^T>^)-  After  cessation  of  the 
microwave  pulse  the  share  of  excited  molecules  (their  influence)  is  decreasing 
with  time.  It  influences  the  change  of  the  recombination  coefficient  at  times 
t  >  10/iS  (Fig.  9)  and  the  gradual  transfer  to  the  recombination  decay  with  the 
coefficient  aei  ^  1.6  •  10'’^  cm^/s,  close  to  the  value  at  the  electron  temperature 
equal  to  gas  temperature  (Tg  =  T).  Consequently,  the  rate  of  plasma  decay 
depends  greatly  on  the  density  of  electronically  excited  molecules. 


5.4.  Additional  ionization  eifect  after  low-pressure  discharge 

The  discharge  was  studied  at  low  pressure  (p  =  3  •  10“^  —  1)  Torr  with  the  use  of 
pulse  gas  injection  into  the  focal  region  of  the  wave  beam  [1].  This  scheme  was 
used  for  the  localization  of  the  discharge  in  a  small  focal  region.  The  electric 
field  intensity  in  the  focus  was  Ep  =  70  —  120  kV/cm,  and  the  oscillatory  energy 
in  this  field  was  =  1.2  —  3.5  keV.  It  was  found  that  the  electron  density  after 
the  microwave  pulse  was  5  to  10  times  larger  than  the  critical  density  for  the 
microwave  radiation,  Nc  =  10^^  cm~^.  The  electron  density  was  also  measured 
with  the  use  of  an  interferometer  at  a  wavelength  of  A  =  8  mm.  Fig.  10  is  the 
dependence  of  the  maximal  electron  concentration  after  the  microwave  pulse  on 
gas  pressure.  Fig.  11  is  an  interferogram  of  the  discharge  in  nitrogen  at  the 
pressure  p  =  0.4  Torr  and  the  initial  density  Neo  =  10®  cm“®.  One  can  see  a 
2  ps  cutoff  of  the  probing  signal,  then  plasma  starts  to  decay.  For  the  pressure 
p  =  10“^  —  10”^  Torr  no  cutoff  was  observed  but  the  sign  of  the  signal  changed 
in  0.5  ps  after  the  microwave  pulse.  It  means  that  the  electron  density  was 
increasing  for  about  0.5  ps. 

These  results  can  be  explained  in  the  following  way.  After  the  field  switches 
off,  the  plasma  contains  electrons  whose  energy  is  much  higher  than  the  ionization 
potential.  These  electrons  lose  their  energy  in  ionizing  collisions,  because  Ui  >  v. 
Therefore  ATg  can  increase  considerably  due  to  the  continuing  ionization  process. 
Assuming  that  the  energy  loss  of  electrons  due  to  the  ionizing  collisions  is  of 
the  order  of  27^,  we  find  that  after  the  passage  of  the  pulse  the  electron  density 
increases  (e/27j)  times  over  the  electron  cooling  time.  The  electron  cooling  time 
can  be  approximated  by  the  relation: 

€ 

(5.3)  Tdi  =  j  del2IiVi{e)  =  tj21iVim> 

h 

For  example,  in  nitrogen  at  pressure  p  =  5-10”^  Torr  and  e  =  2  keV  according 
to  the  formula  (5.3)  value  Tdi  equals  Tdi  =  0.5  ps.  This  estimated  value  of  electron 
cooling  time  is  as  in  experiment. 

Additional  gas  ionization  was  also  observed  at  a  higher  initial  density  of 
electrons:  Neo  =  3  •  10^®  cm“®.  For  example  in  helium  we  achieved  of  the 
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FIG.  10.  Dependence  of  maximal  electron 
density  after  the  microwave  pulse  on  gas 
pressure. 


FIG.  11.  Interferogram  of  the  discharge  in 
nitrogen  at  pressure  p  =  0.4  Torr  and  initial 
density  Ncq  =  10®  cm"*®.  Arrow  shows 
cessation  of  the  microwave  pulse. 


order  of  six  times  the  critical  density  {N^rn  =  6*10^^  cm“^)  at  the  pressure  ofp  = 
3  •  10“^  Torr  after  the  microwave  pulse  which  passed  through  the  ionized  region 
undistorted.  The  fact  is  that  increases  2  or  3  times  during  the  microwave 
pulse: 

(5.4)  Nk  =  iVeo  •  exp{vimT)  =  e^iVeo- 

These  newly-born  electrons  getting  cold  after  the  microwave  pulse  induce  addi¬ 
tional  ionization: 

(5.5)  Nera  =  '  e/2/i  =  5  • 

The  estimation  is  made  for  e  =  2  keV,  Thus,  a  low  pressure  discharge  in  a 
superstrong  field  is  followed  by  a  considerable  additional  ionization  process. 

Thus,  these  effects,  as  well  as  the  appearance  of  accelerated  ions  [1],  prove 
that  when  the  gas  is  broken  down  in  a  super-strong  microwave  field  in  a  wave 
beam,  the  conditions  characteristic  for  gas  breakdown  by  intense  short-pulse 
laser  radiation  are  achieved  [36]. 


6.  Applications  of  the  nanosecond  microwave  discharge 


The  nanosecond  microwave  discharge  is  interesting  for  various  applications.  Such 
discharge  can  be  used  successfully  for  pumping  the  nitrogen  and  excimer  lasers 
and  ozone  generation. 
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6.1.  Generation  of  UV  radiation 

At  gas  breakdown  by  nanosecond  microwave  pulses  a  strongly  nonequilibrium 
medium  is  created,  since  the  major  part  of  the  microwave  energy  absorbed  in  the 
plasma  is  spent  on  ionization  and  excitation  of  the  molecule  electronic  states. 
Therefore  a  nanosecond  microwave  discharge  can  be  successfully  used  for  pump¬ 
ing  excimer  lasers  and  lasers  based  on  electronic  transitions  of  molecules,  namely 
those  lasers  that  require  high  energy  contributions  in  a  short  period  of  time 
[25,  26].  The  schematic  diagram  of  the  nitrogen  laser  with  a  microwave  pumping 
is  shown  in  Fig.  12.  The  microwave  radiation  was  produced  by  a  relativistic  3-cm 
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FIG.  12.  Schematic  diagram  of  the  nitrogen  laser:  I  =  3  cm,  t  =  40  ns,  £?  =  10  -  100  kV/cm, 

nitrogen  p  =  10  —  760  Torr. 


wavelength  band  generator.  The  pulse  duration  was  r  =  40  ns.  The  radiation 
of  circular  or  linear  polarization  was  converted  into  a  quasi- Gaussian  beam  and 
turned  upon  an  aluminium  mirror  (parabolic  cylinder)  by  a  conical  horn.  As  the 
result,  all  microwave  radiation  was  reflected  by  the  mirror.  The  focus  line  of  the 
mirror  was  coupled  with  the  optical  axis  of  the  laser.  The  scheme  of  the  trans¬ 
verse  freely  localized  microwave  discharge  was  realized.  We  used  a  short-focus 
parabolic  mirror  (with  its  focal  length  of  8  cm)  that  formed  a  steeply  converging 
wave  beam  (a  converging  cylindrical  wave).  The  intensity  of  the  electric  field  in 
the  breakdown  region,  in  dependence  on  the  incident  power  was  10  -  100  kV/cm. 
The  tube  was  pumped  out  and  then  filled  with  nitrogen,  the  pressure  of  which 
was  changed  in  the  range  p  ~  10  —  760  Torr. 

The  discharge  tube  (we  used  a  quartz  tube  with  its  diameter  0.8  -  2.5  cm  and 
length  85  cm)  had  quartz  windows  situated  at  the  Brewster  angle  to  its  axis.  The 
optical  90  cm  long  resonator  consisted  of  an  aluminum  mirror  and  plane-parallel 
quartz  plate.  Laser  radiation  was  detected  by  means  of  an  absolutely  calibrated 
photo-electron  converter  and  a  fast  oscilloscope. 

In  the  experiment  laser  generation  was  obtained  in  all  the  pressure  range  un¬ 
der  investigation.  The  characteristic  oscillograms  of  microwave  and  laser  pulses 
are  shown  in  Fig.  13.  The  highest  intensity  of  radiation  was  observed  in  the  band 
0-0  (A  =  337.1  nm)  of  the  second  positive  nitrogen;  it  exceeded  the  power  of  radi¬ 
ation  in  the  bands  0-1  (A  =  357.7  nm)  and  1-0  (A  =  315.9  nm).  The  duration  of 
laser  radiation  was  weakly  dependent  on  the  gas  pressure  and  was  growing  as  the 
diameter  of  the  discharge  tube  was  made  larger  and  actually  coincided  with  the 
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FIG.  13.  Oscillograms  of  microwave  pulse  (a)  and  laser  radiation  pulse  (b). 


duration  of  the  microwave  pulse.  When  the  level  of  microwave  power  was  high, 
spatial  distribution  of  UV  radiation  intensity  over  the  tube  cross-section  was  a 
2-4  mm  thick  ring  with  its  external  radius  equal  to  the  radius  of  the  tube.  The 
amplitude  of  the  Iciser  pulse  had  an  optimum  with  respect  to  the  incident  mi¬ 
crowave  power.  It  was  revealed  that  under  a  low  level  of  pumping  the  generation 
was  formed  initially  at  the  center  of  the  tube,  and  then  moved  towards  its  wall. 
The  radiation  from  the  central  region  was  shorter  than  the  general  duration  of 
the  laser  generation. 

Thus,  when  the  described  way  of  excitation  is  used,  laser  radiation  is  gen¬ 
erated  consequently  by  plasma  layers  situated  at  different  distances  from  the 
axis,  and  that  makes  the  generation  pulse  longer.  The  power  of  laser  generation 
grew  in  proportion  to  the  plasma  volume,  and  under  optimal  pressure  it  was 
60  -  70  kW  for  the  tube  2  cm  in  diameter.  Specific  energy  removal  equalled 
0.5  -  1  Jatm”^l“^.  The  efficiency  of  the  laser  was  10“^  —  10"*^  and  was  defined 
as  the  ratio  of  laser  power  to  the  incident  microwave  power. 


6.2.  Ozone  generation 

A  whole  series  of  laboratory  experiments  [4,  16,  27-29]  have  been  carried  out 
in  which  the  ozone  generation  in  the  repetitive  nanosecond  microwave  discharge 
was  observed.  The  schemes  of  these  experiments  are  shown  in  Fig.  4.  The 
discharge  was  ignited  in  two  basically  different  electrodynamic  systems.  In  the 
first  case  the  microwave  radiation  was  focused  with  a  parabolic  cylinder,  so 
that  the  electromagnetic  field  in  the  breakdown  region  was  close  to  a  standing 
cylindrical  TE  mode.  The  discharge  was  shaped  as  a  cylinder  several  millimeters 
in  diameter  and  about  30  cm  long.  In  the  second  case  a  quasi-planar  standing 
electromagnetic  wave  was  formed  by  means  of  a  spherical  mirror.  Then  the 
discharge  was  a  set  of  plasmoids  about  3  cm  in  diameter  localized  at  the  antinodes 
of  the  standing  wave. 
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In  the  experiments  the  following  factors  varied:  air  density  (pressure  p  — 
10—250  Torr)  and  temperature  (T  =  200—300  K),  radiation  parameters,  namely, 
pulse  duration  (r  =  5,6  and  500  ns),  repetition  rate  (jP  =  1  —  1000  Hz),  power 
(P  =  1  —  20  MW)  and  the  discharge  structure,  Fig.  4.  The  experiments  were 
performed  with  the  use  of  different  sources  of  microwaves.  In  the  first  experiment 
the  relativistic  carcinotron  of  8-mm  wavelength  band  was  used.  The  second 
experiment  was  performed  with  use  of  3-cm  wavelength  band  magnetron  with  a 
microwave  pulse  compressor. 

Densities  of  ozone  and  nitrogen  dioxide  were  measured  by  means  of  observ¬ 
ing  absorption  of  hydrogen  lamp  radiation  at  wavelengths  A  «  260  nm  and 
A  «  360  nm,  respectively,  which  was  based  on  the  known  relation:  /(A)  = 
Jo  (A)  '  exp{—<7NaL),  where  /(A)  and  /o(A)  are  transient  and  incident  intensities 
of  the  diagnostic  radiation  at  wavelength  A,  L  is  length  of  the  optical  path,  a  is 
absorption  cross-section  for  O3  or  TV 6)2,  and  Na  is  density  of  the  absorber. 

An  important  parameter  that  makes  the  nanosecond  microwave  discharge 
rather  advantageous  for  generation  of  ozone  is  the  amount  of  energy  going  into 
production  of  one  ozone  molecule.  The  energy  cost  was  determined  by  means 
of  basing  on  the  total  energy  of  the  microwave  pulse,  W  ~  P  ^  r  ,  and  with 
the  use  of  the  following  formula:  S  =  P  •  t  •  rip /[Os]  •  I4,  where  rip  is  number  of 
microwave  pulses,  [O3]  is  ozone  density  after  rip  pulses  and  Vk  is  the  volume  of  the 
vacuum  chamber.  The  results  of  measuring  the  energy  cost  of  ozone  production 
for  two  different  types  of  the  microwave  discharge  are  shown  in  Fig,  14  [16].  The 
energy  cost  was  2-3  times  lower  in  a  discharge  created  by  standing  waves  than 
in  a  discharge  formed  by  a  converging  cylindrical  TE-mode.  This  shows  that 
efficiency  of  ozone  formation  depends  essentially  on  the  electrodynamic  system 
producing  the  discharge.  For  systems  operating  with  standing  waves  or  crossing 
wave  beams  efficiency  turns  out  to  be  higher. 

These  experiments  showed  that  the  energy  cost  of  production  of  one  ozone 
molecule  is  lower  in  that  type  of  the  microwave  discharge,  in  which  the  maximum 
of  its  energy  goes  into  dissociation  of  oxygen  molecules.  Oxygen  atoms  are 
produced  and  then  converted  into  ozone  mainly  in  dissociation  of  O2  molecules 
by  an  electron  impact: 

(6.1)  e  +  O2  — y  O2  — y  0  +  0  +  6 
and  in  collisions  of  O2  with  metastable  N2  molecules: 

(6.2)  e  +  iV2-4  jV2(A3E+)  +  e, 

(6.3)  N2{A^Ti^)  +  O2  —^0  +  0  +  N2. 

The  velocity  constants  for  processes  (6.1)  and  (6.2)  are  determined  by  the 
function  of  electron  distribution  over  energies  and  depend  on  intensity  of  the 
electric  field  in  plasma.  The  value  of  O2  dissociation  rate  for  process  (6.1)  in  air, 
kd,  is  rather  well  known  for  a  constant  electric  field.  Using  it  we  can  estimate 
the  energy  cost  of  production  of  one  ozone  molecule  in  the  microwave  discharge. 
We  assume  that  all  oxygen  atoms  are  formed  in  the  process  of  direct  dissociation 
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FIG.  14.  Experimental  dependence  of  FIG.  15.  Dependence  of  energy  cost  of 

energy  cost  of  ozone  formation  on  air  ozone  formation  on  the  reduced  electric 

density  for  discharges  created  by  a  field:  data  of  calculation  in  oxygen  (1),  in 

converging  cylindrical  TE-mode  (1)  air  (2,  3);  data  of  experiment  (t  -  6  ns): 

and  by  standing  wave  (2).  o,  •  -  oxygen,  □,  □  -  air. 

of  oxygen  (6.1),  and  then  they  enter  the  reaction  of  ozone  synthesis  taking  place 
in  the  after  discharge  period  [30,  31]: 

(6.4)  0  +  02  +  M-^03  +  M 

where  ki  =  6.2  •  10"^^(T/300)"2  cm®/s  for  M  =  O2  and  ki  =  5.7  • 
10  ^'^(T/300)“^‘^  cm®/s  for  M  =  N2.  For  ozone  density  produced  in  one  mi¬ 
crowave  pulse  we  find: 

(6.5)  [O3]  =  [O]  =  2  .  kd{Ee/N) .  [O2]  •  iVe  ■  T. 

The  energy  cost  of  one  ozone  molecule  is  found  from  the  ratio  of  the  mi¬ 
crowave  energy  absorbed  in  plasma  to  ozone  density: 

(6.6)  S  =  a-E^-T/2-kd-  [O2]  •  Ve  •  r  =  5/2  •  (e^/m)  •  (p/N)-^  ■  {EelNf/kd, 

where  <7  =  is  specific  plasma  conductivity,  v  is  the  rate  of 

electron-molecule  collisions,  and  a;  is  the  wave  frequency,  =  E  ’  v  j 
is  the  efficient  electric  field.  Using  equation  (6.6)  it  is  easy  to  determine  optimal 
conditions,  when  at  the  preset  energy  of  the  microwave  pulse  the  number  of  oxy¬ 
gen  atoms  produced  in  the  ionized  region  is  maximal.  The  value  of  (Ee/7V)^/fcrf  is 
minimal  when  the  value  of  the  reduced  efficient  electric  field  Ee/N  is  determined 
by  the  following  expression: 


5,  eV/mdecule  6.  eV/molecule 


0  1  2  3  4  5  lO  100 

W,  10^W  £,/A/,10-’Vcm^ 


(6.7) 


Ee/N  =  2  •  kdldkdld{EJN). 
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Fig.  15  shows  the  dependence  of  S  on  the  reduced  electric  field,  Eq/N  de¬ 
termined  by  calculation  (curve  2)  and  by  experiment  [29].  The  calculations  em¬ 
ployed  the  constants  of  O2  dissociation  rates  for  process  (6.1)  in  air  from  paper 

[32] .  It  was  taken  into  account  that  dissociation  of  ozone  molecules  in  reaction 
(6.1)  goes  on  from  three  electronic  levels.  For  calculation  of  5  the  total  constant 
kd  was  used.  The  experimental  value  of  efiicient  field  Ee  was  determined  from 
intensity  of  the  electric  field  in  the  discharge  region  before  the  breakdown  starts, 
and  the  rate  of  electron  collisions  in  air  was  assumed  equal  to  =  5.3  •  10^  (s”^) 

[33] .  Using  the  results  of  [34],  we  added  curve  3  to  Fig.  15  to  represent  the  re¬ 
sults  of  calculating  the  energy  cost  of  ozone  formation  with  account  for  indirect 
channel  of  O2  dissociation  due  to  processes  (6.2)  and  (6.3). 

Thus,  there  are  optimal  conditions  for  oxygen  dissociation  in  oxygen  and 
air.  The  above  estimates  dealt  with  determination  of  optimal  conditions  for 
production  of  oxygen  atoms.  In  the  case  of  a  discharge  produced  by  a  single 
nanosecond  pulse  (or  a  short  series  of  microwave  pulses)  they  are  valid  also  for 
ozone,  since  the  process  of  accumulation  of  ozone  destroying  particles  is  too  low, 
and  gas  is  heated  insignificantly.  By  that,  the  energy  cost  of  ozone  formation 
is  determined  by  electrodynamics  of  the  discharge  and  depends  on  how  fast  the 
optimal  conditions  for  oxygen  dissociation  are  achieved  and  for  how  long  they 
will  be  sustained  in  the  discharge  region. 

The  results  of  the  performed  experiments  make  it  possible  to  conclude  that  a 
nanosecond  microwave  discharge  can  efficiently  generate  ozone.  The  laboratory 
experiments  demonstrated  sufficiently  low  energy  costs  of  producing  one  ozone 
molecule:  6  =  15—20  eV/molecule,  which  corresponds  to  the  production  of  100  g 
of  O3  per  1  kWh  of  consumed  energy. 


6.3.  Atmospheric  ozonizer 

Laboratory  experiments  show  that  the  nanosecond  microwave  discharge  can  be 
used  for  the  replenishment  of  ozone  in  the  region  of  the  ozone  ’’holes”.  The 
scheme  of  the  way  we  propose  to  realize  this  idea  is  shown  in  Fig.  16.  Us¬ 
ing  ground-based  antennas  two  beams  of  high-power  microwaves  at  frequencies 
10  -  40  GHz  are  transmitted  into  the  atmosphere.  At  the  region  where  they  cross 
at  heights  of  20  -  30  km,  where  the  electric  field  is  especially  high,  a  nanosecond 
microwave  discharge  occurs,  which  will  be  an  efficient  source  of  ozone.  The  esti¬ 
mation  shows  that  the  production  of  air  breakdown  at  the  height  of  i?  =  30  km 
by  the  transmitting  antennas  of  diameter  d  =  100  m,  put  at  the  distance  of  30 
km,  requires  the  pulse  microwave  power  (the  radiation  of  3-cm  band,  pulse  du¬ 
ration  T  =  50  ns)  P  «  4  GW  in  every  beam.  This  level  of  microwave  power  has 
already  been  achieved  by  modern  generators  in  laboratory  experiments  [6].  So 
the  advance  of  microwave  electronics  in  development  of  the  powerful  generations 
on  the  relativistic  electron  beams  (for  instance,  back- wave  oscillator  [5])  makes 
real  the  idea  of  creation  of  an  atmospheric  ozonizer. 

The  nanosecond  microwave  discharge  in  the  stratosphere  is  advantageous  for 
solving  environmental  problems  due  to  the  following  reasons:  1)  it  is  easy  and 
highly  efficient  to  deliver  energy  to  the  atmosphere  by  wave  beams;  2)  by  using 
intersecting  beams  it  is  easy  to  single  out  the  required  region  in  the  stratosphere, 
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Fig.  16.  Scheme  of  atmospheric  ozonizer  creation. 


and  scanning  the  beams,  to  process  large  air  volume;  3)  moreover,  the  efficiency 
of  plasma-chemical  reactions  in  the  nanosecond  discharge  is  among  the  highest 
of  all  those  known  for  non-equilibrium  low-temperature  plasma.  The  majority  of 
the  plasma  chemical  reactions  are  strongly  dependent  on  the  gas  temperature  T. 
Therefore,  in  order  to  predict  the  effect  of  the  nanosecond  microwave  discharge 
upon  the  stratosphere  in  the  series  of  experiments  the  ozone  generation  was 
investigated  at  pressures  and  temperatures  of  the  air  that  correspond  to  the 
conditions  of  the  stratosphere.  The  schematic  of  the  experimental  set-up  is  shown 
in  Fig.  4.  Fig,  17  shows  time  dependence  of  ozone  density  at  fixed  density  of 
neutrals,  N  =  2- 10^®  cm“^,  for  various  gas  temperatures.  The  maximum  ozone 
density  under  the  studied  pressures  was  growing  in  proportion  to  the  air  pressure. 

The  analysis  show  that  a  decrease  in  T  leads  to  higher  velocities  of  ozone 
production  in  reaction  (6.4)  and,  at  the  same  time,  reduces  strongly  the  efficiency 
of  nitrogen  oxides  production  in  reaction: 

(6.8)  iV  +  02->iV0  +  0, 

where  ks  ~  4.4  •  10”^^  •  exp{—3200/T)  cm^/s.  Estimations  of  ozone  and  nitrogen 
dioxide  production  at  the  stage  of  linear  ozone  growth  show  that  the  density 
produced  in  the  retort  during  one  pulse  under  the  pressure  p  =  90  Torr  is  in 
experiment  for  O3  «  (2  -  3)  •  10^^  cm"^,  and  for  NO2  <  10^°  cm"^.  Thus,  when 
the  microwave  discharge  in  the  stratosphere  is  generated,  such  conditions  may 
be  achieved,  under  which  nitrogen  dioxide  density  will  not  exceed  the  natural 
level  of  NO2  [35],  and  O3  density  will  correspond  to  or  exceed  the  density  at  the 
maximum  of  the  ozone  layer. 

This  conclusion  is  also  proved  by  calculating  the  ratio  of  Os  and  NOx  in 
the  ionized  region  in  the  stratosphere.  Fig.  18  shows  the  results  of  calculating 
ratio  [03]/[iV’0  -h  NO2]  in  dependence  on  specific  energy  contribution  into  the 
discharge.  The  energy  contribution  varied  in  the  discharge  changing  duration 
of  the  microwave  pulse  and  leaving  the  initial  electric  field  in  the  ionized  region 
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FIG,  17.  Dependence  of  ozone  density  on 
time  at  density  of  neutrals 
N  ~2' 10^®  cm“®,  F  =  3  Hz  and  various 
gas  temperature. 


FIG.  18.  Ratio  of  O3  and  NOx  in 
dependence  on  specific  energy  contribution 
into  the  discharge. 


intact.  The  calculations  were  performed  for  the  microwave  radiation  in  the  3-cm 
wavelength  band,  which  was  sent  to  the  stratosphere  by  two  ground-based  an¬ 
tennas  100  m  in  diameter  each  and  distanced  to  30  km  from  each  other.  As  it  is 
seen  from  the  figure,  the  maximum  ratio  of  [O3]  to  [NO  +  NO2]  equal  to  10^  can 
be  achieved.  Thus,  there  is  the  regime  for  creation  of  an  atmospheric  ozonizer, 
at  which  the  ratio  of  densities  of  ozone  and  nitrides  in  the  ionized  region  will  be 
the  same  as  in  the  non-perturbed  natural  stratosphere  [35]. 
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GROWTH  PROCESSES  OF  PARTICLES  UP  TO  NANOMETER  IN 
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Growth  processes  of  particles  in  high-frequency  SiH4  discharges  have  been  understood  fairly 
well  in  a  size  range  above  10  nm.  Recently,  we  have  developed  two  in  situ  particle  detection 
methods  to  study  those  of  particles  (clusters)  in  a  size  range  below  ^10  nm.  The  studies 
have  clarified  time  evolution  of  their  density  and  size  and  revealed  the  following  facts:  the 
cluster  density  amounts  to  ^  10^^  cm”®  under  the  device  quality  low-power  and  low-pressure 
conditions:  the  discharge  modulation,  substrate  heating  and  H2  dilution  are  quite  effective 
in  suppressing  the  cluster  growth.  We  have  proposed  the  cluster  growth  model  explaining 
reasonably  the  obtained  results. 


1.  Introduction 

Silane  (SiH4)  discharges  are  used  to  fabricate  devices  such  as  amorphous  silicon 
(a-Si:H)  solar  cells  and  thin  film  transistors  for  flat-panel  display  and  to  deposit 
films  such  as  SiC  and  SiN.  Germane  (GeH4)  discharges  are  also  used  to  prepare 
a-SiGe:H  layer  for  improving  output  efficiency  of  a-Si:H  solar  cells.  In  such  dis¬ 
charges,  particles  are  generated  due  to  gas  phase  reactions,  leading  to  serious 
contamination  into  the  films  and  devices.  Thus,  many  studies  on  particle  forma¬ 
tion  have  been  carried  out  mainly  using  high-frequency  (HF)  SiH4  discharges  in 
the  last  decade. 

To  study  particle  formation  processes  in  the  discharges,  it  is  important  to  re¬ 
produce  the  processes  precisely  and  to  measure  important  parameters  related  to 
them  quantitatively.  Prom  such  viewpoint,  we  have  developed  a  pulse  discharge 
method  and  in  situ  laser-light-scattering  methods  to  observe  time  evolution  of 
particle  size  and  density  [1,  2,  3].  Using  these  methods,  we  have  revealed  the 
following  six  facts  concerning  the  particle  growth  in  HF  SiH4  discharges,  while 
the  supplied  power  is  in  a  range  high  compared  to  that  for  the  so-called  device 
quality  conditions:  1)  the  particles  grow  through  the  initial  growth  phase  in  a 
size  range  below  a  few-10  nm,  the  rapid  growth  phase  in  a  size  range  from  a 
few-iO  nm  to  a  few  lO’s-100  nm,  and  the  subsequent  growth  saturation  phase 
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[4];  2)  the  particles  initially  nucleate  around  the  plasma/sheath  (P/S)  boundary 
where  radicals  are  generated  actively  [5];  3)  time  evolution  of  spatial  distribu¬ 
tion  of  particle  amount  is  very  similar  to  those  of  short-lifetime  SiH2  radicals  and 
their  generation  rates,  and  different  from  those  of  negatively  charged  species  and 
SiHs’s  [5  -  7];  4)  the  SiH2  density  is  a  low  value  of  ~  10^  cm“^  in  spite  that  they 
are  considered  to  be  generated  at  almost  the  same  rate  as  that  of  SiHa’s  [5];  5)  a 
considerable  proportion  of  particles  of  ^  10  nm  in  size  are  electrically  neutral;  6) 
with  increasing  the  discharge  frequency,  the  size  growth  rate  of  particles  in  the 
rapid  growth  phase  decreases,  while  their  density  increases  [4],  Based  bn  a  series 
of  the  results,  we  have  proposed  a  coagulation  model  explaining  reasonably  the 
growth  of  particles  above  10  nm  [2]. 

When  we  started  to  study  particle  formation  in  GeH4  discharges,  there  were 
no  reliable  rate  coefficients  regarding  dissociation  of  parent  gas  and  reactions 
of  generated  radicals,  while  particles  have  been  known  to  be  generated  in  the 
discharges.  We  have  employed  the  same  methods  for  the  particle  growth  obser¬ 
vation  as  those  for  SiH4  discharges  and  revealed  the  following  facts  [8,  9,  10]: 
the  particles  grow  through  the  three  growth  phases  similar  to  those  for  SiH4 
discharges,  while  its  growth  rate  is  rather  fast  compared  to  that  for  the  SiH4; 
the  time  evolution  of  spatial  distributions  of  GeH2  radicals  are  very  similar  to 
those  of  radical  generation  rate  and  particle  amount  and  the  GeH2  density  is  a 
low  value  of  ~  10^  cm“^,  which  is  almost  the  same  value  as  the  SiH2  density  in 
SiH4  discharges.  Prom  these  studies,  we  have  found  that  the  growth  processes 
for  GeH4  discharges  are  essentially  similar  to  those  for  SiH4  discharges. 

While  our  studies  on  particle  formation  in  SiH4  and  GeH4  discharges  are 
carried  out  fairly  systematically,  their  focus  has  been  placed  mainly  on  the  growth 
of  particles  above  10  nm  in  size,  because  there  is  no  method  applicable  in  a 
size  range  below  “"lO  nm.  Recently,  we  have  newly  developed  two  in  situ  methods 
for  observing  the  growth  of  such  small  particles  (hereafter,  the  particles  in  the 
size  range  below  10  nm  are  referred  to  as  clusters)  [11,  12,  13,  14],  These 
methods  have  made  it  possible  to  study  the  growth  processes  under  the  device 
quality  low-power  and  low-pressure  conditions  and  also  to  clarify  which  of  short 
lifetime  radicals  (especially  SiH2’s)  or  SiHs’s  is  important  as  key  precursors  for 
cluster  nucleation  [15]. 

Recently  it  has  been  pointed  out  that  the  decrease  in  output  power  of  a- 
Si:H  solar  cells  with  time  due  to  light  soaking  is  closely  related  to  polymerized 
species  in  HP  SiH4  discharges,  which  are  considered  to  grow  up  to  clusters.  Por 
commercial  use  of  a-Si:H  solar  cells,  the  films  must  be  deposited  at  a  deposition 
rate  high  at  least  by  one  order  of  magnitude  compared  to  the  present  one.  Such 
high  deposition  rate  is  likely  to  generate  many  clusters.  And  also,  it  has  been 
reported  that  the  clusters  may  be  applicable  to  various  uses  including  fabrication 
of  good  quality  solar  cells  [16,  17],  Thus,  it  is  extremely  important  to  develop  a 
method  for  controlling  the  cluster  growth. 

We  showed  the  periodical  modulation  of  HP  discharge  was  useful  for  sup¬ 
pressing  particle  growth,  while  the  size  range  of  detected  particles  was  above  a 
few  lO’s  nm  and  its  suppression  mechanism  was  not  clear  at  that  time  [18],  Re¬ 
cently,  we  have  studied  the  effect  of  discharge  modulation  on  cluster  growth  and 
its  growth  suppression  mechanism  using  the  developed  two  methods.  Purther- 


Growth  processes  of  particles  up  to  nanometer  in  high-frequency  SiH/j  plasmas 


507 


more,  by  using  these  methods,  we  have  studied  effects  of  substrate  heating  and 
hydrogen  dilution,  which  are  conventionally  employed  for  making  good-quality 
films,  on  the  cluster  growth  [19]. 

In  this  paper,  we  present  recent  experimental  results  regarding  the  growth 
processes  of  clusters  under  the  device  quality  low-power  and  low-pressure  condi¬ 
tions  and  effects  of  discharge  modulation,  electrode  heating  and  H2  dilution  on 
their  growth,  and  then  propose  a  cluster  growth  model  for  explaining  reasonably 
a  series  of  their  results. 


2.  Experimental 

A  photon-counting  laser-light-scattering  (PLLS)  method  and  a  method  combined 
threshold-photoemission  method  with  microwave  interferometry  (TPE+MI 
method)  have  been  developed  for  in  situ  observation  of  time  evolution  of  cluster 
size  and  density  in  HF  SiH4  discharges.  Since  their  principles  have  already  been 
described  in  detail  elsewhere,  [10,  11,  12,  13]  only  brief  explanation  of  them  is 
given  here. 

For  the  PLLS  method,  the  intensity  signal  of  light  scattered  by  laser- 
irradiated  clusters  (LLS  intensity)  is  detected  using  a  photon-counter.  Just  after 
the  discharge  is  turned  off  (HF-off),  the  clusters  which  grow  being  localized 
around  the  P/S  boundary  diffuse  and  coagulate.  When  the  increase  in  LLS  in¬ 
tensity  due  to  coagulation  is  dominant  compared  to  the  decrease  in  that  due 
to  diffusion,  being  true  in  a  size  range  from  a  few  nm  to  ~  10  nm  under  our 
experimental  conditions,  the  LLS  intensity  increases  linearly  with  time.  The 
density  is  deduced  using  this  linear  characteristic  and  the  size  deduced  using 
this  density  value  and  an  LLS  intensity  calibrated  by  Rayleigh  scattering  of  ni¬ 
trogen  gas.  This  detection  system  is  shown  in  Fig.  1(a)  together  with  the  HF 
discharge  reactor.  An  Ar"^  laser  of  wavelength  488  nm  was  used  as  the  light 
source  for  PLLS.  The  LLS  intensity  was  detected  with  the  system  composed  of 
a  lens,  monochromator  with  a  photomultiplier,  photon- counter  and  computer. 
In  a  stainless  steel  (SUS)  vessel  of  300  mm  diameter,  SUS  electrodes  of  100  mm 
diameter,  the  lower  one  of  which  was  grounded,  were  placed  at  a  separation 
of  45  mm.  Discharge  frequency  and  supplied  power  were  13.56  MHz  and  8W 
(0.1  W/cm“^)  respectively. 

For  the  TPE+MI  method,  the  following  two  properties  just  after  HF-off  are 
utilized:  the  temperature  of  plasma  electrons,  Tg,  is  rapidly  cooled  down  due  to 
their  collisions  with  neutral  molecules  and  their  attachment  to  clusters  grown 
during  the  discharge  period  Ton  is  enhanced;  the  diffusion  rate  of  clusters  being 
localized  around  the  P/S  boundary  depends  on  their  size.  The  decay  of  electron 
density,  rig,  due  to  the  attachment  is  related  to  the  cluster  density  by  giving  the 
attachment  cross-section  as  a  function  of  cluster  size  and  Tg  and  also  the  change 
of  Tg  after  HF-off  as  a  function  of  time.  Thus,  if  the  rig  decay  rate  and  the 
time  evolution  of  Tg  are  given,  the  cluster  density  can  be  deduced.  In  our  case, 
the  time  evolution  of  Tg  was  estimated  assuming  that  electrons  lose  their  energy 
due  to  elastic  collisions  with  gas  molecules  and  the  rzg  decay  rate  was  measured 
experimentally.  This  method  is  applicable  in  a  size  range  below  a  few  nm,  in 
which  the  diffusion  is  dominant  compared  to  coagulation.  The  detection  system 


508 


y.  Watanabe,  M.  Shiratani,  T.  Fukuzawa  and  K,  Koga 


GND  electrode  - ^  ^  , 

\  j  Pyrex  glass 

Y'-- - 9  GHz  microwave 

interferometer 


microwa\ 

absorber 


powered  electrode 
quartz  window 

beam  sampler 

b)  NdiYAG  laser- 


FIG.  1,  Systems  for  observing  time  evolution  of  cluster  size  and  density  and  HF  discharge 
reactors:  (a)  PLLS  method;  (b)  TPE+MI  method. 


is  shown  in  Fig.  1(b)  together  with  the  HF  discharge  reactor.  The  third  har¬ 
monics  (355  nm)  of  Nd:YAG  laser  light  (pulse  energy  230  mJ  and  pulse  duration 
9  ns)  was  used  as  the  light  source  to  ionize  clusters  by  two-photon  process.  The 
He  decay  due  to  the  attachment  and  electrons  emitted  due  to  photo-ionization 
of  clusters  were  detected  using  a  9  GHz  microwave  interferometer.  The  laser 
beam  of  6  mm  diameter  was  propagated  parallel  to  electrode  surfaces  at  15  mm 
above  the  powered  electrode,  the  position  of  which  is  in  the  cluster  growth  region 
around  the  P/S  boundary.  The  microwave  beam  was  also  propagated,  parallel 
to  electrode  surfaces  and  perpendicular  to  the;  laser  beam,  so  that  the  cluster 
growth  region  was  included  inside  the  microwave  beam.  Discharge  frequency 
and  supplied  power  were  14  MHz  and  10  -  40  W  (0.18  -  0.72  W/cm^)  respec¬ 
tively.  SUS  electrodes  of  85  mm  diameter  were  placed  at  a  separation  of  50  mm 
in  a  Pyrex  glass  vessel  of  94.5  mm  diameter.  The  lower  electrode  was  grounded 
and  the  upper  one  was  of  mesh  type. 


3.  Growth  observation  of  clusters 

The  time  evolution  of  cluster  size  and  density  in  a  size  range  below  a  few  nm  has 
been  observed  using  the  TPE-fMI  method.  The  result  is  shown  as  a  function 
of  discharge  period  Ton  in  Fig.  2  together  with  the  volume  fraction,  which  is 
defined  as  the  volume  occupied  by  clusters  in  unit  volume  [12,  13].  From  our 
studies  carried  out  until  now,  this  Ton  dependence  of  cluster  size  and  density  is 
found  to  correspond  to  their  time  evolution  after  the  discharge  initiation.  The 
conditions  for  lOW  are  close  to  those  of  the  device  quality  ones  except  that 
the  grounded  (GND)  electrode  is  not  heated.  For  this  method,  clusters  above 
Sis-eHa;  are  detectable.  In  the  figure,  their  growth  below  Sis-eHa;  is  assumed 
as  shown  by  broken  lines,  taking  into  account  that  Si2Ha:’s  are  produced  within 
a  extremely  short  time  by  the  fast  reaction  of  SiH2  with  SiH4.  The  solid  circle 
shows  a  size  obtained  using  TEM  observation.  The  clusters  are  found  to  grow 
to  Sis-eHa;  by  50  ^  100  ms  after  the  discharge  initiation  and  to  a  few  nm  by 
~  0.5  s.  The  density  of  clusters  increases  up  to  a  high  value  of  ~  10^^  cm~^ 
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Fig.  2.  Discharge  period  Ton  dependence  of  size,  density  and  volume  fraction  of  clusters  as 
parameter  of  supplied  power  under  conditions  of  100%  SiH4,  flow  rates  of  20  seem  (10  W)  and 
5  seem  (40  W),  and  pressure  13  Pa.  Circles  and  squares  show  mean  values  for  10  and  40  W 
respectively.  Solid  circle  for  10  W  is  mean  size  measured  by  TEM.  Cluster  densities  for 
Ton  <  100  ms  (10  W)  and  Ton  <  50  ms  (40  W)  are  deduced  assuming  that  sizes  increase  with 

Ton  as  shown  by  broken  lines. 


within  20  50  ms  and  then  decreases  due  to  coagulation  between  them.  The 

volume  fraction  however  increases  monotonously  during  this  period.  This  implies 
that,  in  the  size  range  of  interest,  clusters  mainly  grow  due  to  influxes  of  radicals 
and  polymerized  species  (and/or  smaller  clusters)  generated  later  than  a  time 
when  they  nucleated.  The  density  value  at  a  few  nm  size  has  been  found  to  be 
consistent  with  that  obtained  by  the  PLLS  method. 

The  result  in  Fig.  2  indicates  that  many  neutral  clusters  exist  around  the  P/S 
boundary  even  under  the  device  quality  low-power  and  low-pressure  conditions, 
and  hence  a  fraction  of  them  may  arrive  at  the  substrate  on  the  GND  electrode. 
This  suggests  that  the  better  quality  a-Si:H  films  may  be  obtained  by  suppressing 
the  cluster  growth. 


4.  Growth  model  of  clusters 

All  the  results  described  above  and  reported  regarding  the  particle  growth  until 
now  can  be  systematically  understood  using  three  parameters  in  the  radical 
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generation  region:  generation  rate  of  short  lifetime  SiH2’s  proportional  to  the 
supplied  power;  reaction  rate  for  cluster  growth  initiated  by  SiH2’s;  loss  rate  of 
clusters  due  to  diffusion.  If  SiH2’s  are  supplied  sufficiently  and  growth  time  of 
clusters  is  shorter  than  their  diffusion  time,  then  rapid  cluster  growth  is  observed 
in  the  radical  generation  region.  If  the  supply  of  SiH2’s  is  not  sufficient  or  the 
growth  time  of  clusters  is  longer  than  their  diffusion  time,  then  the  growth  of 
clusters  becomes  slow  and,  if  a  fraction  of  clusters  diffused  into  plasma  bulk  are 
negatively  charged,  their  growth  would  be  observed  even  in  there. 

This  model  is  supported  by  the  experimental  fact  that  there  are  two  cases 
regarding  particle  growth.  In  one  case,  the  growth  of  particles  is  observed  only 
around  the  P/S  boundary  and  the  rapid,  growth  phase  begins  at  a  short  time  of 
~  Is  after  the  discharge  initiation.  In  the  other  case,  their  growth  is  observed 
in  the  plasma  bulk  as  well  as  around  the  P/S  boundary  and  the  rapid  growth 
phase  begins  at  a  time  considerably  long  compared  to  ~  Is  after  the  discharge 
initiation.  We  have  classified  these  results  using  three  parameters  of  supplied- 
power  density,  reaction  time  Tr  of  SiH2  with  SiH4,  and  diffusion  time  To  of  SiH2, 
which  are  important  at  the  initial  stage  of  cluster  nucleation  [20].  The  result  is 
shown  in  Fig.  3.  In  the  case  of  high  supplied  power,  short  Tr  and  long  To 
(shown  by  circles),  the  growth  is  observed  only  around  the  P/S  boundary.  On 
the  other  hand,  when  one  of  these  parameter  conditions  is  not  satisfied  (shown 
by  squares),  the  growth  is  observed  even  in  the  plasma  bulk.  While  negatively 
charged  clusters  are  necessary  for  their  growth  in  the  bulk,  they  may  originate  not 
from  negative  SiHa"  ions  but  from  clusters  diffused  out  of  the  radical  generation 
region. 

As  described  above,  clusters  grow  rapidly  in  the  radical  generation  region 
due  to  fast  reactions  such  as  the  SiH2  insertion  reactions  [21]  initiated  by  that 
of  SiH2  with  SiH4.  Since  SiH4’s  participate  mainly  in  the  initial  reaction,  their 
contribution  to  cluster  growth  is  considered  to  be  small  compared  to  that  of 
SiH2’s.  This  suggests  that  the  total  number  of  SiH2’s,  [SiH|’‘“‘]  generated  until 
a  time  t  after  the  discharge  initiation  should  be  close  to  the  total  number  of 
atoms  in  all  of  clusters  existing  at  the  time  t  in  the  radical  generation  region. 
Hence,  [SiH|°*“']  was  calculated  using  rate  equations  concerning  SiH2,  SiHs  and 
SiH4.  In  the  calculation,  the  branching  ratio  for  SiH4  to  be  dissociated  to  SiH2 
and  SiHa  is  necessary.  This  value  was  deduced  using  a  reaction  rate  of  SiH2 
with  SiH4  reported  [22]  and  giving  steady-state  density  values  of  SiH2  and  SiHa 
in  their  rate  equations  by  those  measured  by  the  intra-cavity  laser  absorption 
method  and  estimated  from  a  deposition  rate  of  film  on  the  substrate  placed  on 
the  GND  electrode,  respectively  [5].  The  calculation  result  is  shown  in  Fig.  4 
[14].  As  expected,  the  total  number  of  Si  atoms  incorporated  into  clusters  in  the 
radical  generation  region  is  very  close  to  the  total  SiHa’s  generated  there. 

While  time  evolution  of  their  size  and  density  is  elucidated  and  clusters  are 
found  to  grow  due  to  fast  successive  reactions  initiated  by  that  of  SiH2  with  SiH4 
and  then  due  to  influxes  of  radicals  and  polymerized  species  (and/or  smaller  clus¬ 
ters)  generated  later  than  a  time  when  they  nucleated,  such  successive  reactions 
themselves  are  not  clear  yet. 


©  10%SiH4+Ar,  13  Pa,  0.51  W/cmZ. 

®  10%SiH4+Ar,  13  Pa,  0.13  W/cm2. 

®  5%SiH4+He,  80  Pa,  0.5 1  W/cm2. 

®  50%SiH4+Ar,  13  Pa,  0.13  W/cm2. 

©  3%SiH4+He,  80  Pa,  1.1  W/cm2. 

©  0.5%SiH4+He,  80  Pa,  1 . 1  W/cm2. 

®  50%SiH4+He,  10  Pa,  0.25  W/cm2. 

ID  l%SiH4+Ar,  9  Pa,  0.51  W/cm2. 

[U  100%SiH4, 13  Pa,  0.13  W/cm2. 

|0]l%SiH4+Ar,  24  Pa,  0.015  W/cm2. 

01OO%SiH4, 13  Pa,  0.03  W/cm2. 

FIG.  3.  Classification  of  paiticle  growth  region  with  parameters  of  supplied  power  density, 
reaction  time  of  SiH2  with  SiH4,  Tn,  and  diffusion  time  of  SiHs,  To-  Open-circles  and 
-squares  show  cases  for  which  particles  are  observed  around  P/S  boundary  and  in  plasma  bulk 
as  well  as  around  P/S  boundary  respectively. 
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FIG.  4.  Time  evolution  of  SiHa  (x  =  2  -  4)  density,  [SiHs],  total  number  of  SiH2’s  generated 
in  radical  generation  region,  [SiHl^^^^],  and  total  number  of  Si  atoms  (circles)  in  clusters  in 
unit  volume  under  conditions  of  100%  SiH4,  flow  rate  20  seem,  pressure  13  Pa,  and  supplied 
power  10  W.  Broken,  dotted,  thin  solid  and  thick  solid  lines  show  [SiH2],  [SiHs],  [SiH4]  and 

[SiH2^*“^]  respectively. 


5.  Growth  suppression  of  clusters 

According  to  our  proposed  model,  the  growth  suppression  of  clusters  can  be 
obtained  by  interruption  of  radical  supply,  transport  of  clusters  by  some  force 
out  of  the  radical  generation  region,  and  suppression  of  their  growth  reactions. 


5.1.  Modulation  of  HF  discharge 

For  the  discharge  modulation  of  HF-on  period,  ton,  and  HF-off  period,  the 
radical  supply  is  stopped  and  the  density  of  clusters  in  the  radical  generation 
region  decreases  due  to  diffusion  during  toff.  Their  size  becomes  smaller  with  a 
shorter  leading  to  their  faster  diffusion  out  of  the  radical  generation  region. 
We  have  studied  the  effect  of  discharge  modulation  on  cluster  growth  as  a  func¬ 
tion  of  ton  and  a  parameter  of  ton  using  the  TPE+MI  method.  The  results  are 
shown  in  Fig.  5  [13,  14].  In  the  experiments,  the  total  discharge  duration 
was  100  ms  independent  of  ton-  The  density  was  measured  just  after  the  end  of 
the  last  ton  period.  For  toff  <  0.3  ms,  the  densities  for  all  ton’s  are  close  to  that 
of  the  non-modulated  discharge  of  Ton  —  100  ms.  For  0.3  ms<  toff  <  50  ms,  the 
density  for  a  shorter  ton  decreases  more  rapidly  with  toff.  For  toff  >  50  ms,  the 
density  decreases  to  a  smaller  constant  value  for  a  shorter  t)on,  which  is  almost 
the  same  value  as  that  for  single  discharge  of  duration  ton.  This  result  suggests 
that  for  the  discharge  modulation,  the  density  becomes  low  by  one  order  of  mag¬ 
nitude  compared  to  that  for  the  non-modulated  discharge.  This  density  decrease 
due  to  discharge  modulation  can  be  reasonably  explained  by  the  proposed  model 
in  the  previous  section.  Fig.  6  shows  the  time  evolution  of  the  peak  density 
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FIG.  5.  Dependence  of  cluster  density  on  toff  for  ton  =  0.5  ms  (solid  circle),  1  ms  (open 
triangle),  3  ms  (open  square),  and  10  ms  (open  circle)  under  conditions  of  100%  SiH4,  flow 
rate  5  seem,  and  pressure  13  Pa.  Shaded  area  indicates  range  of  cluster  density  for 
non-mo dulated  discharge  of  Ton  ~  100  ms. 

values  of  Si2H45  SisHg  and  Siio  species  in  the  radical  generation  region  due  to 
their  diffusion  after  the  HF-off  (Prom  the  results  in  Fig.  2,*  for  a  discharge 
duration  below  50  ms,  the  cluster  size  is  estimated  to  be  smaller  than  SiiOHa;). 
In  the  calculation,  a  FWHM  of  radical  generation  region  was  assumed  to  be  10 
mm,  which  is  equal  to  that  of  the  spatial  profile  of  SiH-emission  intensity.  As 
can  be  seen,  a  time  after  HF-off  when  the  density  decreases  appreciably  (for 
example,  decreases  to  one  third  of  the  density  at  the  end  of  HF-on)  is  quite  close 
to  a  time  when  the  density  decreases  greatly  with  toff  in  Fig.  5. 


Fig.  6.  Time  evolution  of  peak  densities  of  Si2H4,  SisHs  and  SiiO  in  radical  generation  region 
after  HF-off  under  conditions  of  100%  SiH4  and  pressure  13  Pa. 
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5.2.  Heating  of  GND  electrode 

When  preparing  the  device-quality  a-Si:H  films,  the  substrate  on  the  GND  elec¬ 
trode  is  usually  heated  to  about  250^C.  In  our  experiments,  the  effect  of  sub¬ 
strate  heating  on  the  cluster  growth  wcls  studied  by  heating  the  SUS  GND  elec¬ 
trode  without  the  substrate  (the  powered  electrode  was  also  made  of  SUS).  Fig.  7 
shows  spatial  distributions  of  LLS  intensities  (number  of  photons  per  second)  be- 


GiId  powered 

electrode  electrode 


FIG.  7.  Spatial  distributions  of  LLS  intensity  for  Tg=  room  temperature,  150° C  and  300°  C 
under  conditions  of  100%  SiH4,  flow  rate  5  seem,  pressure  13  Pa,  supplied  power  density 

0.1  W/cm2(8  W),  and  Ton  =  0.8  s. 

tween  electrodes  as  a  parameter  of  GND  electrode  temperature  Tq  [19].  A  size  of 
clusters  of  interest  is  in  a  few  to  several  nm  range.  For  Tq  =  room  temperature, 
the  LLS  intensity  is  the  highest  around  the  P/S  boundary  near  the  powered  elec¬ 
trode.  For  Tq  =  150^0,  its  peak  position  shifts  toward  the  powered  electrode. 
For  Tq  —  300^0,  the  intensity  is  very  low  compared  to  those  for  the  other  two 
cases  and  its  peak  is  located  again  around  the  P/S  boundary.  This  means  that 
a  large  proportion  of  clusters  are  driven  toward  the  powered  electrode  and  the 
rest  exist  around  the  P/S  boundary.  While  not  shown  here,  the  result  similar  to 
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that  for  Ta  =  300^ C  has  been  obtained  for  Tq  >  200^0  [19]. 

When  gas  between  the  electrodes  is  heated,  the  growth  of  clusters  has  been 
known  to  be  suppressed  due  to  the  decreases  in  SiH4  density  and/or  in  rates  of 
reactions  related  to  cluster  growth  [23].  However,  the  result  in  Fig.  7  can  not  be 
explained  by  these  effects,  because  the  sharp  change  in  LLS  intensity  is  observed 
only  around  the  cold  powered  electrode.  The  phenomenon  of  interest  can  be 
explained  taking  into  account  the  thermophoresis  [24].  As  has  been  shown,  the 
clusters,  a  large  proportion  of  which  are  neutral,  tend  to  grow  being  localized 
around  the  P/S  boundary  and  hence  to  diffuse  out  of  the  P/S  boundary  region 
due  to  their  pressure.  Since  the  thermophoretic  force  due  to  GND  electrode 
heating  is  proportional  to  the  second  power  of  cluster  size  and  to  the  temperature 
gradient,  and  acts  toward  the  powered  electrode,  it  can  drive  the  clusters  above 
a  critical  size  toward  the  powered  electrode  for  a  given  temperature  gradient. 
To  see  this,  the  themophoretic  forces  for  20'^C'/cm  {Tq  =  90)  and  50^C/cm 
{Tg  =  225^(7)  were  compared  with  the  pressure  gradient  of  clusters  existing  in 
the  radical  generation  region  of  10  mm  in  width.  The  calculation  result  is  shown 
in  Fig.  8.  As  can  be  seen,  the  thermophoretic  force  dominates  the  pressure 


Fig.  8.  Comparison  of  thermophoretic  force  with  pressure  gradient  of  clusters  (diffusive 
force)  as  function  of  size  for  temperature  gradients  of  20  and  50  ^C/cm. 

gradient  in  a  size  range  above  a  few  nm.  Electrically  neutral  clusters  above  a 
few  nm  in  size  can  be  driven  toward  the  powered  electrode  through  the  sheath 
due  to  the  thermophoresis,  leading  to  the  shift  of  peak-density  position  as  shown 
in  Fig.  7.  The  clusters  around  the  P/S  boundary  for  Tq  =  300^^0  are  a  fraction 
of  negatively  charged  ones  being  trapping  there,  because  a  density  of  clusters 
at  the  peak  intensity  is  estimated  to  be  10® "^cm^^,  almost  equal  to  that  of 
plasma  ions.  As  shown  in  Fig.  7.  the  LLS  peak  intensity  for  Tq  =  ISO^C  is 
high  compared  to  that  for  Tg  =  room  temperature.  This  phenomenon  can  be 
explained  taking  into  account  both  the  suppression  of  cluster  diffusion  toward 
the  plasma  bulk  due  to  the  thermophoresis  and  coagulation  enhancement  due  to 
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ionization  of  clusters  by  high  energy  electrons  in  the  sheath  region  [19]. 

Combination  of  this  electrode  heating  with  the  discharge  modulation  is  ex¬ 
tremely  effective  in  suppressing  cluster  growth.  Fig.  9  shows  the  cluster  growth 
time,  which  is  defined  as  a  time  when  the  photons  detected  by  the  PLLS  method 
becomes  10^  cps,  as  a  function  of  toff  for  ton  =  5ms  and  Tg  =  200^ C  under 
low-power  and  low-pressure  conditions  [19].  The  value  of  10^  cps  correspond  to 
a  density  of  ~  lO^cm”^  for  clusters  of  several  nm  in  size.  As  can  be  seen,  any 
clusters  can  not  be  detected  over  one  hour  for  =  3  ms,  that  is,  a  duty  cycle 
of  63%. 


toff  (ms) 

FIG.  9.  Cluster  growth  time  as  function  of  tof  /  for  discharge  modulation  under  conditions  of 
Tg  =  200° C,  ton  =  5  ms  100%  SiH4,  flow  rate  5  seem,  pressure  13  Pa,  and  supplied  power 

density  0.1  W/cm^  (8  W). 


5.3.  H2  dilution  of  SiH4 

Dilution  of  H2  gas  has  been  employed  to  prepare  high-quality  a-Si:H  films.  We 
studied  its  effect  on  cluster  growth  as  a  parameter  of  H2  partial  pressure.  The 
result  for  Tq  =  room  temperature  and  a  SiH4  partial  pressure  of  13  Pa  is  shown 
in  Fig.  10  [19].  With  increasing  the  H2  partial  pressure,  the  ratio  between  LLS 
intensities  near  the  GND  and  powered  electrodes  becomes  large.  Especially,  the 
LLS  signal  is  observed  only  on  the  GND  electrode  side  for  a  80%  H2.  While 
this  phenomenon  is  not  understood  yet,  it  is  hard  to  explained  by  contribution 
of  non-excited  H2  molecules  to  suppression  of  cluster  growth  reactions  and  also 
by  the  change  of  discharge  parameters  due  to  H2  dilution.  The  spatial  profile 
of  light  intensity  of  SiH  radicals  indicating  that  of  radical  generation  rate  has  a 
peak  at  around  the  P/S  boundary  near  the  powered  electrode.  The  species  such 
as  H  atoms  and/or  excited  H2  molecules,  which  are  generated  more  actively 
around  the  P/S  boundary  near  the  powered  electrode  rather  than  the  GND 
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FIG.  10.  Spatial  distributions  of  LLS  intensity  as  parameter  of  H2  dilution  rate  under 
conditions  of  flow  rate  25  seem,  pressure  67  Pa,  and  supplied 
power  density  0.1  W/cm^(8  W). 


electrode,  are  considered  to  play  an  important  role  in  this  phenomenon.*  The 
GND  electrode  heating  is  also  quite  effective  in  transporting  clusters  toward 
the  powered  electrode.  For  Tq  >  200°  (7,  the  growth  of  clusters  around  the 
GND  electrode  are  effectively  suppressed  and  only  a  small  amount  of  clusters 
are  observed  around  the  P/S  boundary  near  the  powered  electrode  for  the  80% 
H2  dilution  case  (not  shown  here). 


6.  Conclusions 

The  two  methods  recently  developed  for  in  situ  observation  of  cluster  growth 
processes  in  HF  discharges  have  brought  about  great  progress  in  understanding 
their  overall  growth  kinetics.  The  clusters  initiated  by  the  fast  reactions  of  short 
lifetime  SiH2’s  grow  due  to  influxes  of  radicals  and  polymerized  species  (and/or 
smaller  clusters),  generated  later  than  a  time  when  they  nucleated,  and  then 
do  due  to  their  coagulation.  The  density  of  clusters  amounts  to  ~  lO^^cm"^ 
within  50  ms  after  the  discharge  initiation  and  their  size  grows  to  a  few  nm 
within  ~  0.5  s  after  the  discharge  initiation  even  under  the  device  quality  low- 
power  and  low-pressure  conditions.  The  proposed  cluster  growth  model  explains 
reasonably  the  results  obtained  in  our  present  experiments.  While  our  present 
studies  have  been  carried  out  using  SiH4  discharges,  the  knowledge  on  cluster 
growth  obtained  here  is  considered  to  be  applicable  for  GeH4  discharges. 

The  growth  of  clusters  can  be  controlled  by  interruption  of  SiH2  supply,  sup¬ 
pression  of  their  growth  reaction  and  enhancement  of  their  loss  due  to  diffusion 
and  some  driving  force.  The  modulation  of  HF  discharges  is  useful  to  decrease 
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their  density  by  about  one  order  of  magnitude.  The  substrate  heating  is  con¬ 
siderably  effective  in  driving  particles  above  a  few  nm  toward  the  cold  powered 
electrode.  The  dilution  of  H2  gas  is  also  quite  effective  in  suppressing  cluster 
growth  reactions,  while  its  detailed  mechanism  is  not  clear  yet. 


Acknowledgments 


Our  research  was  partly  supported  by  a  grant-in-aid  for  Scientific  Research  from 
the  Ministry  of  Education,  Science,  Sports  and  Culture.  We  would  like  to  ac¬ 
knowledge  the  assistance  of  Messrs.  T.  Kinoshita,  S.  Maeda,  and  Y.  Matsuoka 
who  contributed  greatly  to  the  execution  of  experiments. 


References 

1.  Y.  Watanabe,  M,  Hiratani  and  M.  Yamashita,  Appl.  Phys.  Lett.,  61,  91,  1992. 

2.  M.  Shiratani,  H.  Kawasaki,  T.  Fukuzawa,  T,  Yoshioka,  Y.  Ueda,  S.  Singh  and  Y. 
Watanabe,  J.  Appl.  Phys.,  79,  104,  1996. 

3.  M.  Shiratani,  H.  Kawasaki,  T.  Fukuzawa  and  Y.  Watanabe,  J.  Vac.  Sci.  Technol.,Al4,  603, 
1996. 

4.  Y.  Watanabe,  M,  Shiratani,  H.  Kawasaki,  S.  Singh,  T.  Fukuzawa,  Y.  Ueda  and  H.  Okura, 
J.  Vac.  Sci.  Technol.,  A14,  540,  1996. 

5.  Y.  Watanabe,  M.  Shiratani,  T.  Fukuzawa,  H.  Kawasaki,  Y.  Ueda,  S.  Singh  and  H.  Okura, 
J.  Vac.  Sci.  Technol.,  A14,  995,  1996. 

6.  T.  Fukuzawa,  H.  Kawasaki,  M.  Shiratani  and  Y.  Watanabe,  Jpn.  J.  Appl.  Phys.,  33,  4212, 
1994. 

7.  H.  Kawasaki,  H,  Okura,  T.  Fukuzawa,  M.  Shiratani,  Y.  Yamamoto,  S.  Suganuma, 
M.  Hori  and  T.  Goto,  Jpn.  J.  Appl.  Phys.,  36,  4985,  1997. 

8.  H.  Kawasaki,  J.  Kido,  K.  Sakamoto,  T.  Fukuzawa,  M.  Shiratani  and  Y.  Watanabe, 
J.  Appl.  Phys.,  83,  5665,  1998. 

9.  H.  Kawasaki,  J.  Kido,  K.  akamoto,  T.  Fukuzawa,  M.  Shiratani  and  Y.  Watanabe,  Jpn.  J. 
Appl.  Phys.,  37,  L475,  1998. 

10.  H.  Kawasaki,  K.  Sakamoto,  S.  Maeda,  T.  Fukuzawa,  M.  Shiratani  and  Y.  Watanabe, 
Jpn.  J.  Appl.  Phys.,  37,  L1264,  1998. 

11.  H.  Kawasaki,  K.  Sakamoto,  S.  Maeda,  T.  Fukuzawa,  M.  Shiratani  and  Y.  Watanabe, 
Proc.  4th  Int.  Conf.  on  Reactive  Plasmas,  Maui,  Hawaii,  59,  1998. 

12.  M.  Shiratani,  T.  Fukuzawa  and  Y.  Watanabe,  Jpn.  J.  Appl.  Phys.,  38,  No.7B,  1999  (in  press). 

13.  T.  Fukuzawa,  S,  Kushima,  Y.  Matsuoka,  M.  Shiratani  and  Y.  Watanabe,  Proc.  4th  Int. 
Conf.  on  Reactive  Plasmas,  Maui,  Hawaii,  67,  1998. 

14.  T.  Fukuzawa,  S.  Kushima,  Y.  Matsuoka,  M.  Shiratani  and  Y.  Watanabe,  to  be  published 
in  J.  Appl.  Phys. 

15.  Ch.  Hollenstein,  J.-L.  Dorier,  J.  Dutta,  L.  Sansonnens  and  A.  A.  Howlling,  Plasma 
Sources  Sci.  Technol.,  3,  278,  1994. 

16.  E.  Bertran,  S.  N.  Sharma,  G.  Viera,  J.  Costa,  P.  St’ahel  and  P.  R.  I.  Cabarrocas, 
J.  Materials  Res.,  13,  2476,  1998. 

17.  Y.  Watanabe,  Plasma  Phys.  Control.  Fusion,  39,  A59,  1997. 

18.  Y.  Watanabe,  M.  Shiratani,  Y.  Kubo,  I.  Ogawa  and  S.  Ogi,  Appl.  Phys.  Lett,,  53,  67,  1988. 


Growth  processes  of  particles  up  to  nanometer  in  high-frequency  SiH4  plasmas 


519 


19.  M.  Shiratani,  K.  Sakamoto,  S.  Maeda,  K.  Koga  and  Y.  Watanabe,  to  be  submitted  to 
Jpn.  J.  AppL  Phys. 

20.  H.  Kawasaki,  K.  Sakamoto,  S.  Maeda,  T.  Fukuzawa,  M.  Shiratani  and  Y.  Watanabe, 
Jpn.  J.  Appl.  Phys.,  37,  5757,  1998. 

21.  A.  Matsuda,  j.  Vac.  Sci.  Technol.  A,  16,  365,  1998. 

22.  H.  Nomura,  K.  Akimoto,  A,  Kono  and  T.  Goto,  J.  Phys.  D:  Appl.  Phys.,  28,  1977,  1995. 

23.  L.  Boufendi,  j.  Hermann,  A.  Bouchoul,  B.  Dubreuil,  E.  Stoffels,  W.  W.  Stoffels  and 
M.  L.  de  Giorgi,  j.  Appl.  Phys.,  76,  148,  1994. 

24.  G.  M.  Jellum,  J.  E.  Daugherty  and  D.  B.  Graves,  J.  Appl.  Phys.,  69,  6923,  1991. 


Journal  of  Technical  Physics,  J.  Tech.  Phys.,  41,  1,  Special  Issue,  621-531,  2000 
Polish  Academy  of  Sciences,  Institute  of  Fundamental  Technological  Research,  Warszawa 
Military  University  of  Technology,  Warszawa 


LASER-PRODUCED  PLASMA  AS  AN  EFFECTIVE  SOURCE  OF  MULTICHARGED 

IONS 

E.  WORYNA^  J.  KRASA^,  L,  LASKA^,  K.  MASEK^,  P.  PARYS^  K.  ROHLENA^ 

J.  WOLOWSKP 


Institute  of  plasma  physics  and  laser  microfusion 
00-908  Warsaw,  P.O.  Box  49,  23  Hery  St.,  Poland 
^INSTITUTE  OF  PHYSICS,  ACADEMY  OF  SCIENCES  OF  THE  CZECH  REPUBLIC 
182  21  Prague  8,  Na  Slovance  2,  Czech  Republic 


Properties  of  expanding  laser  plcisma  as  a  source  of  highly  charged,  energetic  ions  are  discussed. 
A  possibility  to  use  sub-nanosecond  near-infrared  systems  as  driving  lasers  of  the  ion  source 
is  highlighted.  Experimental  data  characterising  the  laser  driven  ion  source  performance  are 
presented.  A  physical  interpretation  of  experimental  findings  is  outlined. 


1.  Introduction 

Studies  and  applications  of  ion  sources  have  a  long  history.  To  name  but  a  few 
application  fields  e.g.  high  energy  physics,  nuclear  and  atomic  physics,  heavy  ion 
fusion,  probe  beams  for  analytical  purposes  (Rutherford  back-scattering,  RBS 
or  secondary  ion  mass  spectrometry,  SIMS),  laser  mass  spectrometry,  nanometer 
structure  fabrication,  ion  beam  lithography,  semiconductor  doping,  ion  implanta¬ 
tion,  surface  treatment,  neutral  beam  injection,  radiation  therapy  etc.  are  worth 
mentioning.  Ail  of  these  applications  are  dependent  on  the  use  of  an  ion  beam 
and,  consequently,  on  its  technology,  which  may  vary  widely  in  complexity,  in 
dependence  on  the  method  used  to  produce  the  beam  of  desired  ion  composition 
with  a  required  intensity  and  energy.  There  is  a  broad  variety  of  ion  sources,  the 
most  prominent  among  them  being  electron  beam  ion  source  (EBIS),  electron 
cyclotron  resonance  source  (ECR)  or  laser  ion  source  (LIS),  [1]. 

Since  the  first  experiments  on  laser  interaction  with  matter  it  has  become 
clear  that  the  expanding  laser  plasma  is  a  very  efficient  source  of  ions.  Construc¬ 
tion  of  new  accelerators  of  heavy  ions  and  the  demand  for  new  ion  implantation 
techniques  have  in  recent  years  revived  interest  in  production  of  multiply  charged 
ions  [2].  It  has  been  demonstrated  [3,  4]  and  generally  accepted  that  the  LIS  can 
produce  by  one  to  two  orders  of  magnitude  higher  ion  current  densities  as  well 
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as  higher  ion  charge  states  than  the  ECR  ion  source,  which  is  presently  favoured 
for  its  technological  standard. 

Besides  the  necessity  for  high  yield  ion  sources  to  inject  the  modern  accel¬ 
erators  a  small  scale  application  of  laser  ion  sources  covers  the  field  of  ion  im¬ 
plantation.  The  ions  emanating  from  an  expanding  laser  plasma  are  both  highly 
charged  and  accelerated,  which  favours  their  interaction  with  the  solid  substrate. 
An  additional  acceleration  is  also  possible  and  plans  are  underway  to  implement 
this  new  technological  method  for  a  friction  control  in  steels  [2]  or  for  a  treat¬ 
ment  of  textile  tissue  materials.  Conversely,  the  implanted  substrate,  if  analysed 
by  the  methods  of  material  analysis  such  as  RBS,  can  render  an  independent 
evidence  about  the  properties  of  the  ion  source  itself. 

The  paper  summarizes  the  results  of  investigations  of  physical  properties 
of  ion  streams  emitted  from  the  plasma  of  medium  and  high  atomic  number 
elements  produced  with  the  short  wavelength  (<  1  /im)  and  short  pulse  (<  1  ns) 
lasers  at  power  densities  of  10^^  -i-  10^^  W/cm^.  The  main  goal  of  our  studies 
was  to  find  optimum  conditions  in  which  the  laser  produced  plasma  can  be  used 
as  a  stable  pulsed  source  of  highly  ionised  ions  for  various  applications. 


2.  Experimental 

2.1.  Ion  diagnostics  for  laser  produced  plasma 

The  principal  diagnostic  techniques  for  studying  the  laser  produced  ions  are 
based  on  the  time-of-fiight  method  (TOP)  [5].  This  method  is  correct  in  the 
case  when  t^r  and  L  ^  where:  t  is  the  time  of  flight  of  the  ions  passing 
the  distance  L  from  the  laser  focal  spot  (target)  to  the  detector,  r  is  the  laser 
pulse  duration  and  r  is  the  radius  of  the  laser  focal  spot.  In  our  experiments  we 
used  ion  collectors,  a  cylindrical  electrostatic  ion  energy  analyser  (lEA)  and  a 
Thomson  mass-spectrograph  (TS).  The  collectors  utilize  the  TOP  effect  only,  the 
lEA  combine  the  TOP  with  the  action  of  imposed  electric  field,  the  TS  utilise 
the  action  of  parallel  electric  and  magnetic  fields  on  the  ions  passing  through 
them,  respectively. 

Por  the  case  of  lEA  the  relation  connecting  the  measured  voltage  on  the  load 
resistance,  Uz  for  given  charge  state  2:,  and  the  ion  rate  reaching  the  detector 
(windowless  electron  multiplier  EM)  input  slit  dNz/dt  is: 

(2.1)  iz  =  ezdNz/dt  ==  Uz{t)/5gc{z,  t)Rioad 

where  J  (^  =  10“^)  is  the  transmittance  of  the  lEA  used,  Gc  is  the  current  gain  of 
EM,  Rioad  is  the  load  resistance.  By  repeating  the  shots  with  the  analyser  voltage 
changing  the  dual  charge-energy  spectrum  can  be  found.  The  knowledge  of  the 
current  gain  Gc  makes  possible  absolute  measurements  of  ion  currents  of  different 
ion  species  for  which  the  EM  is  calibrated.  Calibration  of  multipliers  used  in  our 
experiments,  namely  determination  of  their  current  gains  as  a  function  of  ion 
kinetic  energy  and  charge,  was  performed  by  using  beams  of  Ta  ions  generated 
by  the  Kansas  State  University  Cryogenic  Electron  Beam  Ion  Source  (KSU- 
CRYEBIS)  [6]. 
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The  ion  probes  are  plane  collectors  or  Faraday  cups  with  a  wire  mesh  at  the 
entrance  for  ion  and  electron  component  separation.  The  ion  current  measured 
by  the  collector  is  affected  by  the  secondary  ion-electron  emission.  The  ion 
current,  Icon  oi*  the  time  derivative  of  the  ion  charge,  dQ/dt  at  the  entrance 
aperture  mesh  for  a  given  moment  of  time  t  is  [5]: 

(2.2)  Icon  =  dQ/dt  =  Uc{t)/£Rioad[l  +  lit)/zit)] 

where  Uc  is  the  voltage  amplitude  of  collector  signal,  £  is  the  transparency  of 
the  entrance  mesh,  7  and  z  are  the  average  secondary  ion-electron  emission 
coefficient  and  average  charge  state  of  ions. 

From  equation  (2,2)  the  velocity,  dQ/dv  and  energy,  dQ/dE^  distributions  of 
the  ion  charge  can  be  obtained;  and  by  integrating  them  it  is  possible  to  calculate 
the  total  charge  (or  the  total  number  of  ions)  and  the  total  energy  carried  by 
the  ions  as  well  as  the  mean  ion  energy,  E,  Taking  into  account  the  average 
charge  state  of  ions  from  the  lEA  measurements  and  the  mean  ion  energy  of 
plasma  from  the  ion  collector  measurements,  the  electron  temperature  Te,o  and 
the  average  charge  state  zq  in  the  region  of  interaction  of  laser  radiation  with  the 
plasma  can  be  estimated.  Froin_the  relation  connecting  the  mean  energy  of  the 
arriving  ions  with  Te,o  and  zq,  E  =  G{zo  -f-  a)Te,o  and  the  relation  zq  =  ^o(^e,o) 
[7,  8,  9]  one  can  estimate  Tg^o  and  zq.  The  C  factor  {C  =  3.33  -r  5)  depends  on 
the  accepted  model  of  plasma  expansion  and  a  =  T^/Tg  is  the  temperature  ratio. 

Another  important  tool  of  ion  diagnostics  is  the  Thomson  mass  spectrograph 
(TS),  which  supplies  information  on  both  the  ion  charge  as  well  as  the  energy 
distribution  in  a  single  shot.  This  is  achieved,  however,  partially  at  the  cost  of 
resolution,  especially,  in  the  interesting  region  of  high  charge  states  and  high 
energies  of  ions  [10,  11], 


2.2.  Experimental 

The  experiments  used  the  laser  systems  at  the  Institute  of  Physics  ASCR  in 
Prague  and  at  the  Institute  of  Plasma  Physics  and  Laser  Microfusion  in  Warsaw. 
The  photodissociation  iodine  laser  PERUN  in  Prague  operates  at  the  wavelength 
A  =  1.315  fj,m  and  with  the  maximum  output  energy  El  =  50  J  in  500  ps  laser 
pulses  [12].  The  diameter  of  the  focal  spot  was  about  100  the  power  density 
on  the  target  was  thus  <  10^^  W/cm^.  Frequency  conversion  by  DKDP  crystals 
to  2a;  and  3a;  is  available  with  about  50%  efficiency.  The  chamber  was  fitted 
either  with  an  aspherical  (f  =  20  cm)  lens  or  alternatively  with  a  parabolic 
mirror  (f  =  28.5  cm)  having  a  14  mm  hole  in  the  centre  to  allow  access  to  the 
part  of  the  plasma  expanding  directly  against  the  laser  beam  (Fig.  1). 

The  Ndiglass  laser  in  Warsaw  gives  a  maximum  energy  of  15  J  at  1.06  iim 
in  1  ns  pulses.  The  spot  size  with  lens  optics  is  about  100  ixm  with  the  power 
density  on  the  target  <  10^^  W/cm^.  Besides  the  aspherical  focusing  lens  a 
combination  of  an  aspherical  lens  with  an  ellipsoidal  mirror  also  with  a  central 
hole  was  used  [13]. 

Two  types  of  ion  collectors  of  different  construction  were  used:  the  standard 
flat  circular  collectors  and  the  ring  ion  collector.  The  last  one  allowed  to  measure 
the  ion  stream  close  to  the  axis  of  the  IE  A. 
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FIG.  1.  Scheme  of  the  experiment  with  the  mirror  focusing  system. 


The  lEA  had  a  bending  radius  of  Rq  =  10  cm,  the  deflection  angle  ^  =  90° 
and  the  gap  between  the  cylindrical  electrodes  was  AR  —  0.5  cm.  The  width 
of  input  and  output  slits  of  the  IE  A  were  150  fjbm  (or  200  /xm)  and  1  mm, 
respectively.  The  path  of  ion  flight  L  was  typically  varied  from  94  cm  to  210  cm 
for  the  IC.  In  the  experimental  system  in  Prague  both  the  lEA  and  one  of  the  ion 
collector  (ICl)  were  positioned  at  40°  with  respect  to  the  incident  laser  beam. 
As  the  tilt  angle  of  the  target  was  30°,  ion  signals  were  registered  at  10°  with 
respect  to  the  target  normal.  Thick  slabs  of  medium  and  high-Z  metals  (Co, 
Ni,  Cu,  Ag,  Sn,  Ta,  W,  Pt,  Au,  Pb  and  Bi)  were  used  as  targets.  To  make  the 
evaluation  of  the  experimental  spectra  easier  and  to  help  further  data  processing 
a  computer  code  WELAN  was  developed  [14]. 


3.  Results 

The  IC  measures  the  time  resolved  signal  of  the  ions,  from  which  the  charge 
carried  by  ions  as  well  as  the  ion  energy  can  be  derived.  The  IE  A  helps  to 
identify  the  ion  species  produced,  their  energy  and  abundance.  An  ion  collector 
signal  with  the  record  of  lEA  spectra  in  two  different  time-scales  is  presented  in 
Fig.  2.  In  general,  the  structure  of  collector  signals  points  to  the  existence  of  two 


FIG,  2.  IC  and  IE  A  records  for  Ta. 


Laser-produced  plasma  as  an  effective  source  of  multicharged  ions 


525 


or,  in  some  cases,  of  more  ion  groups.  The  faster  one,  if  analysed  by  the  lEA, 
is  found  to  be  composed  of  high  charge  state  Ta  ions  and  of  light  contamination 
ions  (H,  C  and  O).  The  ion  collector  signal  if  combined  with  the  record  of  ion 
spectra  from  the  lEA  opens  the  possibility  of  calculating  the  total  number  of 
highly  charged  ions  with  z  =  35  -  44  in  the  fast  group.  The  mean  current  density 
of  this  group  of  ions  is  6.4  mA/cm^  at  a  distance  of  94  cm  from  the  target. 
The  peak  current  density  was  about  12.8  mA/cm^.  With  an  ion  pulse  duration 
of  about  1.4  /i5,  the  number  of  particles  arriving  at  the  collector  aperture  of 
1  cm^  is  Ni  1.4  X  10^  per  one  laser  shot.  The  latest  experiments  confirmed 
the  presence  of  ions  with  charge  states  up  to  55+.  The  estimates  of  electron 
temperature  Tg^o  =  1*7  keV  and  of  average  charge  state  of  ions  50  in  the 
focal  spot  were  derived  from  these  data.  The  charge  state-ion  energy  diagrams 
(Fig.  3),  abundance  of  ion  species  (Fig.  4),  and  average  charge  state  of  ions  as 
a  function  of  ion  energy  (Fig.  5)  were  determined  from  a  set  of  measurements 
for  different  values  of  IE  A  voltage. 

,a.u. 


FIG.  3.  Chaxge-energy  spectrum  of  Ta  ions.  Iodine  laser,  la;,  29.1  J,  distance  of  205  cm  from 
the  target,  10°  with  respect  to  the  target  normal. 

The  experiments  were  performed  at  three  laser  frequencies  la;  (fundamental 
frequency),  2a;  and  3a;,  with  the  laser  pulse  energy  from  about  5  to  40  J.  Owing 
to  the  varying  laser  pulse  lengths  and  different  focal  positions  the  reduced  power 
density,  /A^,  varied  from  5  *  10^^  W^m^/cm^  to  1.5  •  10^^  W/im^/cm^. 

The  charge  state,  the  ion  energy,  the  ion  current  density  together  with  its 
angular  distribution  in  space  were  the  basic  parameters  of  our  interest.  The 
generation  of  the  Ta  ions  with  the  charge  states  higher  than  45+  were  found 
to  be  independent  of  laser  wavelength  within  a  relatively  broad  range  of  laser 
energies.  Mctximum  charge  state  Zmax  well  as  the  maximum  ion  energy  Emax-i 
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FIG.  4.  Relative  abundances  of  Ta  ion  species  (parameters  of  Fig.  3). 


ion  energy,  keV 


FIG.  5.  Average  charge  of  Ta  ion  species  versus  ion  energy  (parameters  of  Fig.  3). 

increases  with  laser  power  density,  however,  the  former  dependence  is  less  pro¬ 
nounced,  Fig.  6.  We  varied  the  focal  position  versus  the  target  surface,  the  target 
tilt  angle  with  respect  to  the  laser  beam,  the  laser  energy  and  wavelengths  to 
achieve  the  maximum  current  of  the  highly  charged  ions.  The  ion  yield  depends 
strongly  on  the  focus  position  with  respect  to  the  target  surface.  The  maximum 
charge  state  of  ions  is  less  dependent  on  the  focus  setting  than  the  IC  current. 
The  Ta  ions  with  the  charge  states  above  45+  were  registered  even  with  the  focus 
position  in  a  range  of  about  ±  500  [im  from  the  optimum  one  (for  maximum  ion 
current),  but  the  maximum  amplitude  of  the  IC  signal  decreased  several  times 
over  that  range.  The  optimum  focus  position  means  that  the  laser  focus  is  to  be 
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Fig.  6.  The  dependence  of  maximum  attainable  charge  and  of  maximum  ion  kinetic  energy 

on  a  reduced  intensity  for  Ta  ions. 

about  125  ixm  in  front  of  the  target  surface  (Fig.  7).  A  brief  physical  charac¬ 
terization  of  the  fast  ion  group  for  the  iodine  laser  case  and  for  different  target 
materials  is  given  by  Table  1.  M  and  L  stands  for  the  mirror  or  lens  focusing 
system.  The  second  column  gives  the  average  (maximum)  charge  states  of  the 
fast  ion  group.  <  Ejast  >  is  the  average  energy  of  the  fast  ion  group,  A  is  the 
atomic  mass,  [u]  is  the  atomic  mass  unit. 

Table  1.  Characteristics  of  the  fast  ion  group  for  the  la;  iodine  laser  case  and  for 

different  target  materials. 


Elem. 

^fast  ^ 

<  Efast/A  >  [keV/u] 

j[mA/c77i^] 

Co  (M) 

22  (25) 

32.7 

14.2 

Ni  (M) 

20  (26) 

15.7 

18.5 

Cu  (L) 

(25) 

Ta  (L) 

(55) 

12.8 

Ta  (M) 

42  (48) 

12.7 

22.8 

W  (M) 

45  (49) 

10.9 

22.8 

Pt  (M) 

40  (50) 

15.9 

12.8 

Au  (M) 

38  (49) 

15.7 

7.0 

Pb  (M) 

40  (51) 

15.9 

8.5 

Bi  (M) 

40  (51) 

12.9 

10.0 
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Fig.  7.  The  caustic  of  the  laser  beam  (a),  the  maximum  charge  state  (b),  ion  current  from  IC 
(c)  as  well  as  the  maximum  amplitude  of  ions  (registered  by  means  of  the  IE  A)  (d), 
as  a  functions  of  the  focus  position  with  the  respect  to  the  Ta  target  surface. 


4.  Discussion 


4.1.  Physical  processes 

The  laser  radiation  is  absorbed  mainly  in  the  vicinity  of  the  critical  surface 
either  due  to  the  classical  absorption  (inverse  Bremsstrahlung)  or  due  to  a  non- 
classical  absorption  (resonant  absorption,  parametric  instabilities).  It  is  well 
known  that  in  the  plasma  the  non-classical  absorption  gives  birth  to  a  population 
of  suprathermal  hot  electrons.  As  a  result  of  this  at  least  two  groups  of  ions 
(thermal  and  fast)  are  emitted  from  the  plasma.  The  ions  are  gaining  their 
energy  during  the  heating  stage  of  the  plasma  formation  (isothermal  expansion), 
which  is  followed  by  a  large  scale  adiabatic  expansion  into  the  vacuum.  More 
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energetic  fast  ions  are  accelerated  in  the  space  charge  field  set  up  by  the  hot 
electrons  leaving  the  plasma  corona  and  pulling  the  ions  behind  them. 

A  part  of  the  X-ray  radiation  emitted  by  the  hot  plasma  is  once  again  re¬ 
absorbed  by  the  target  surface  in  the  immediate  vicinity  of  the  primary  laser 
focus  where  it  together  with  the  hot  electrons  and  the  outward  propagating 
shockwave  creates  a  dense,  but  colder  plasma  emitting,  in  addition,  a  slow  groups 
of  ions.  The  experimental  investigations  [15]  have  shown  that  the  amount  of  slow 
ions  registered  from  the  plasma  heated  by  X-rays  increases  with  the  increase  of 
the  target  Z  number.  The  charge  of  the  escaping  ions  is  determined  by  the  ion¬ 
ization  processes  in  the  hot  plasma  and  a  subsequent  three-body  recombination 
during  the  adiabatic  expansion  -  the  so  called  charge  freezing.  The  depletion 
of  vulnerable  highly  charged  ion  states  in  the  expanding  cooling  plasma  due  to 

the  recombination  processes  z^UeTe^^^)  was  already  recognized  in  the  early 
proposals  for  the  design  of  LIS  [16].  Consequently,  according  to  the  conven¬ 
tional  hydrodynamic  theory  [17,  18,  19],  the  highly  charged  ions  produced  by  a 
sub-nanosecond  laser  pulse  should  not  occur  in  the  far  expansion  zone.  These 
predictions,  however,  do  not  agree  with  our  experiments. 

A  possible  way  of  explanation  of  the  occurrence  of  high  state  in  the  far  ex¬ 
pansion  zone  is  offered  by  the  existence  of  the  fast  ion  group  seen  on  the  collector 
signals,  which  invariably  contains  the  high  charge  states.  The  existence  of  the 
fast  group  means  that  the  plasma  time  evolution  follows  the  mechanism  of  two- 
temperature  isothermal  expansion  [20].  During  the  expansion  phase,  first  the 
hot  electrons  leave  the  plasma  pulling  the  ions  behind.  The  thermal  electrons 
follow,  guiding  the  thermal  group.  In  some  cases,  besides  the  mentioned  process 
of  emission  from  the  secondary  focus,  adds  even  a  third  maximum  to  the  collec¬ 
tor  signal  corresponding  to  the  late  arrival  of  slow  ions.  To  support  this  notion 
a  series  of  model  calculations  was  performed  assuming  that  the  energy  deposi¬ 
tion  process  renders  a  two- temperature  electron  energy  distribution,  which,  in 
turn,  leads  to  a  two- temperature  exponential  electron  density  profile  [21].  Simu¬ 
lated  collector  signals  and  ion  charge  distribution  calculated  on  the  basis  of  this 
simplified  model  are  in  a  good  agreement  with  the  experimental  results. 

4.2.  Characteristics  of  laser  ion  sources 

The  practical  reasons  like  an  easy  commercial  availability,  a  high  repetition  rate 
and  a  robust  construction  dictated  as  the  first  choice  the  CO2  laser  as  driver. 
Nevertheless,  the  laser  ion  source  based  on  CO2  laser  may  also  suffer  from  serious 
setbacks.  It  is  the  long  (10.6  jj^m)  wavelength  of  the  CO2  laser,  the  badly  con¬ 
trollable  pulse  length  and  a  poor  focusability.  Also,  the  electron  density  in  the 
corona  of  the  plasma  produced  by  a  CO2  laser  is  low  and,  hence,  the  ionization 
is  slow.  Under  these  conditions  the  presence  of  high  charge  states  of  ions  pro¬ 
duced  from  a  target  of  heavy  elements  (such  as  lead)  is  not  expected  to  exceed 
30+ .  A  complementary  region  of  high  power  densities  and  shorter  wavelengths, 
though  perhaps  at  present  less  practical  than  that  dominated  by  the  CO2  lasers, 
is  thus  worth  exploring  at  least  from  a  purely  physical  point  of  view.  It  may  well 
happen  that  the  newly  available  high  repetition  rate,  medium  energy  systems  in 
the  near-infrared  region  will  soon  become  drivers  for  the  next  generation  of  LIS. 
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5.  Conclusion 

Laser  ion  sources  are  distinguished  by  high  yields  of  ions  which  can  be  delivered 
to  various  substrates,  elements  of  ion  optics  to  be  subsequently  formed  into  ion 
beams  or  ion  sensors  by  plasma  expansion  to  a  large  distance  from  the  laser 
focus.  Their  main  disadvantage  is  the  inherent  final  charge  and  energy  spread 
of  the  ions  produced.  With  a  near  infrared  sub-nanosecond  laser,  such  as  the 
iodine  or  the  Ndrglass  laser  as  drivers,  the  attainable  charge  states  of  the  ions 
are  generally  much  higher  than  in  a  case  when  a  more  conventional  CO2  laser 
driver  is  used.  The  resulting  ion  charge  composition  in  a  far  expansion  zone 
results  from  a  complicated  interplay  between  the  ionization  in  the  laser  focal 
spot  and  the  recombination  occurring  during  the  adiabatic  expansion  of  the 
plasma,  which  follows  the  active  heating  stage  of  plasma  formation.  For  the 
diagnostics  ion  collectors  as  well  as  the  electrostatic  ion  analyser  proved  to  be 
indispensable  tools.  On  the  collector  signal  generally  several  maxima  can  be 
identified,  pointing  to  the  existence  of  several  ion  groups.  Among  these  fast  ions 
driven  by  hot  electrons,  thermal  ions  and  slow  ions  emitted  from  a  secondary 
focus  heated  by  X-rays  and  hot  electrons  from  the  primary  focus  are  usually 
recorded.  Although  still  in  the  early  stages  of  development  the  laser  ions  sources 
are  finding  numerous  applications  such  as  the  accelerator  injection  or  the  ion 
implantation. 
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1.  Introduction 

Different  types  of  gas  discharges  were  considered  repeatedly  from  the  point  of 
view  of  plasma  technique  applications  for  aerodynamic  problem  solutions.  They 
are:  the  longitudinal  one  (when  electric  current  j  is  parallel  to  airflow’s  velocity  v) 
and  the  transverse  one  (when  electric  current  j  is  perpendicular  to  v)  stationary 
discharges,  high  frequency  discharges,  microwave  and  optical  discharges  [1,  2,  3, 

It  is  necessary  to  note  that  plasma  aerodynamics  nowadays  is  in  a  state  of 
formation  as  an  independent  area  of  plasma  physics.  There  is  a  small  number  of 
experimental  and  theoretical  works  confirming  the  efficiency  of  plasma  technique 
applications  in  aerodynamics. 

Supersonic  shockless  motion  of  a  dense  plasma  jet  was  observed  in  ionized  air 
created  by  the  optical  discharge  [4,  5].  In  such  a  case  plasma  body  motion  in  the 
atmosphere  with  the  velocity  of  1  -  3  km/s  was  detected,  i.e.  with  the  velocity  3 
-  10  times  greater  then  the  sound  velocity  in  undisturbed  air.  On  the  other  hand 
the  anomalous  strong  interaction  of  shock  waves  with  low  temperature  plasmas 
was  observed  in  a  number  of  experiments  [6,  7,  8,  9].  The  results  of  several 
experiments  are  well  explained  by  the  refraction  effects  [10  -  18]. 

Generation  of  gas  discharges  directly  before  an  airplane  or  on  its  surface  could 
be  the  possible  means  of  plasma  affect  the  supersonic  airflow.  It  could  lead  to 
the  substantial  improvement  of  its  aerodynamic  characteristics,  and  particularly 
to  a  considerable  decrease  of  the  head  drag  coefficient  [2]. 

The  most  convenient  methods  for  the  practical  application  still  stay  unclear. 
They  concern  methods  of  the  discharge  forming,  energy  expenses  necessary  for 
the  plasma  generation,  a  discharge  type  and  its  optimal  geometric  form,  etc. 
Besides,  plasma  diagnostic  methods  in  the  supersonic  flows  are  undeveloped. 
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and  as  a  result  of  this  characteristics  of  the  discharge  plasma  in  the  supersonic 
flow  are  practically  uninvestigated. 

In  connection  with  this  investigations  of  gas  discharges  in  supersonic  airflows 
and  studies  of  plasma  application  possibility  in  the  aerodynamics  have  been 
carried  out  on  installations  of  TsAGI,  MSU,  TsNIIMash,  MRTI,  IVTAN  during 
the  last  decade. 

The  purposes  of  this  work  were  as  follows:  the  experimental  and  theoretical 
investigation  of  free-burning  and  surface  gas  discharges  generation  in  supersonic 
airflows,  the  detection  of  plasma  characteristics  at  different  values  of  electric 
power  put  into  the  discharge,  and  the  demonstration  of  the  possibility  of  aero¬ 
dynamic  characteristic  improvement  of  a  flying  vehicle  (FV) . 


2.  Pree-burning  transverse  gas  discharges  in  the  supersonic  airflow 

A  high-pressure  chamber  was  used  for  investigation  of  discharges  in  the  super¬ 
sonic  airflows.  It  represented  the  cylinder  of  the  stainless-steel  3  m  long  and  1 
m  diameter.  Its  vacuum  system  allowed  to  achieve  the  back  pressure  of  about 
~  10~5  p^g  ^  supersonic  airflow  was  created  at  the  filling  of  the 


Fig.  1.  Schematic  design  of  the  experimental  diagnostic  installation. 

chamber  by  the  atmospheric  air  through  a  hydraulic  valve.  On  the  outlet  tube 
of  the  latter  a  profiled  cylindrical  Laval  nozzle  calculated  for  the  Mach  number 
M  =  2  [12]  was  then  located. 

Free-burning  transverse  gas  discharges  in  the  supersonic  flow  were  formed  by 
means  of  two  electrodes,  located  at  a  distance  of  0.5  -  1  cm  down  the  nozzle’s 
cut,  in  the  plane  perpendicular  to  the  supersonic  flow  axis. 
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A  modulator  of  power  up  to  0.5  MW  with  the  controlled  voltage  up  to  30  kV 
(and  maximal  electric  current  40  A)  was  used  for  the  creation  of  transverse  pulse- 
periodic  discharge.  The  modulator  allowed  varying  the  duration  of  microwave 
pulses  from  1  to  300  jis  and  their  repetition  frequency  from  1  to  1000  Hz. 

The  transverse  steady  with  current  discharge  was  created  by  means  of  a  power 
source  with  the  working  voltage  of  5  kV  (and  current  up  to  3  A). 

A  discharge  current  value  was  adjusted  with  a  help  of  a  ballast  resistors  set. 
The  synchronizing  scheme  ensured  necessary  time  delay  between  opening  of  the 
valve  and  switching-on  and  shut-down  of  the  discharge. 

The  visualization  of  discharges  in  the  supersonic  flow  was  realized  by  means 
of  photo  and  video  cameras.  The  shadow  set  up  with  the  pulse  lamp-flash  of  1  /is 
duration  was  used  for  the  detection  of  gasdynamic  structure  of  the  supersonic 
flows. 

The  detection  of  temporal  dependencies  of  the  discharge  current  and  voltage, 
floating  potential  and  electric  field  in  the  plasma  was  carried  out  by  means  of 
the  C8-17  two-beam  oscilloscope. 

Three  independent  methods  were  applied  for  measuring  an  electron  concen¬ 
tration:  the  double-probe  method,  especially  elaborated  for  plasma  diagnostics 
in  a  supersonic  flow,  an  8  mm  microwave  interferometer,  and  the  spectral  method 
of  electron  concentration’s  detection  by  the  Stark  broadening  of  the  hydrogen 
line  Hp  (A  =  486.1  nm).  In  the  last  case  a  small  amount  of  hydrogen  was  added 
into  the  supersonic  flow.  Undoubted  advantage  of  the  probe  method  over  the 
others  ones  consists  in  the  local  character  of  measured  characteristics.  In  so  do¬ 
ing  two  problems  are  added  to  those  of  diagnostics  of  a  classical  arc  discharge. 
They  are  connected  with  high  values  of  the  probe  current  and  gas  temperature. 
They  show  high  (kV)  values  of  the  space  potential  in  respect  to  the  earth  and  an 
extremely  high  (kV)  level  of  its  oscillations.  Thorough  mathematical  modelling 
in  the  two-dimensional  and  non-stationary  formulation  was  carried  out  for  clar¬ 
ifying  the  interaction  between  the  supersonic  air  flows  and  the  probe  in  strong 
electric  fields. 

A  gas  temperature  was  measured  with  spectral  methods,  taking  relative  in¬ 
tensities  of  lines  of  the  rotational  structure  of  the  band  (0;  2)  with  the  quantum 
wave  length  A  =  380.5  nm  of  the  second  positive  system  of  nitrogen  molecule, 
and  that  of  the  band  (0;0)  with  quantum  wave  length  A  =  388.3  nm  of  the  CN 
molecule.  A  vibrational  temperature  was  evaluated  from  the  relative  intensity 
of  the  molecular  bands  of  the  second  between  positive  system  of  nitrogen  [13]. 

In  Fig.  2  there  are  presented  typical  pictures  of  the  transverse  pulse-periodic 
discharge  and  of  the  steady  current  discharge  for  the  supersonic  airflow  with  the 
Mach  number  M  =  2,  at  the  initial  air  pressure  in  the  chamber  40  Torr  and  the 
discharge  current  4.5  A.  Repetition  frequency  of  the  microwave  pulse  was  70  Hz. 
The  Laval  nozzle  cut  was  to  the  right  in  the  presented  picture.  The  outside 
view  of  the  transverse  discharge  in  the  supersonic  airflow  was  the  following: 
The  discharge  consisted  of  two  bright  current  channels  with  distinct  boundaries, 
then  a  weakly  glowing  diffuse  region  was  observed.  The  discharge  current  was 
shorting  through  this  region.  The  length  of  channels  increased  with  the  increase 
of  the  current’s  pulse,  approximately  proportionally  to  the  pulse  duration.  It 
reached  12  cm  length  at  the  current’s  duration  r  =  500  fis.  This  size  was  close 
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Fig.  2.  Transversal  pulsed-periodical  discharge  in  supersonic  airflow:  M  =  2,  p  =  40  Torr, 

J  =  4.5  A,  /  =  70  Hz. 


to  the  length  of  the  plasma  jet  at  the  steady  current  discharge.  This  discharge 
consisted  of  two  bright  long  {I  ~  15  cm)  with  distinct  boundaries  plasma  jets 
going  from  electrodes.  Considerably  less  bright  region  of  jet’s  shorting  started 
at  some  distance  (about  ~  4  —  5  cm)  from  the  electrodes.  It  was  spread  over  the 
remained  length  of  the  discharge. 

Analogous  pictures  of  the  discharge  were  obtained  in  TsAGI  experiments  [21] 
in  an  airflow  at  M  =  3  within  a  wind  tunnel  at  values  of  discharge  currents  and 
pressure  close  to  ours,  and  also  in  experiments  at  GAU  of  the  MSU  Institute  of 
Mechanics  at  M  =  6  [1]. 

The  high  value  of  the  potential  difference  is  the  distinctive  feature  of  the 
discharge  in  the  supersonic  airflow.  The  voltage  on  the  discharge  is  several  of 
kV  at  the  pressure  of  several  tens  of  Torrs,  in  spite  of  a  small  inter-electrode 
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distance  (about  1  cm).  The  obtained  distribution  of  the  floating  potential  in 
the  steady  current  discharge  is  represented  in  Fig.  3. 


Distance  from  the  Nozzle,  cm 


FIG.  3.  Potential  distribution  averaged  over  the  oscillations. 

It  is  seen  that  the  distribution  of  the  potential  in  both  channels  was  close 
to  the  mirror-symmetrical  one  in  respect  to  the  direction  of  the  supersonic  flow. 
The  maximal  value  of  the  field,  about  1.5  kV/cm,  was  achieved  near  the  electrode 
surfaces  and  decreased  monotonously  down  the  flow. 

The  investigation  of  the  ampere- volt  discharge  characteristics  shows  that  the 
current  and  voltage  have  distinctive  pulse  character,  and  their  modulation  depth 
can  reach  80%.  The  pulsation  frequency  proves  to  be  about  tens  of  kHz  and  it  is 
significantly  dependent  on  the  initial  air  pressure  in  the  discharge  chamber  and 
the  discharge  current.  The  frequency  decreases  with  the  increase  in  the  initial 
gas  pressure  and  with  the  increase  in  the  discharge  current. 

Measurements  of  gas  temperatures  stream  down  the  flow  in  the  steady  current 
discharge  showed  that  it  was  in  the  range  1000  -  2000  K  at  the  variation  of  the 
discharge  current  from  0.5  to  4  A,  and  it  changed  weakly  in  the  axial  direction. 
The  vibrational  temperature  was  in  the  range  5000  -  10000  K  at  the  same  values 
of  the  current.  These  data  show  that  the  produced  plasma  was  characterized  by 
a  strong  vibrationally-translation  nonequilibrium  in  the  studied  range  of  plasma 
characteristics. 

A  dependence  of  an  electron  concentration  on  the  discharge  current  in  plasma 
with  the  steady  current  discharge,  and  in  plasma  of  the  pulse-periodic  discharge, 
is  represented  in  Fig.  4.  The  data  were  obtained  by  three  independent  meth¬ 
ods.  Values  of  concentrations  measured  by  the  probe  and  spectral  methods, 
corresponded  to  the  region  located  at  the  distance  2:  «  30  —  40  mm  from  the 
electrodes,  down  the  flow  (outside  the  region  of  shorting  of  plasma  jets).  The 
microwave  probing  was  carried  out  for  the  region  of  shorting  of  plasma  jets 
(;2r  «  40  —  50  mm) .  One  can  see  the  satisfactory  agreement  between  the  results  of 
measurement  performed  with  different  methods.  From  Fig.  4  it  follows  that  the 
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FIG.  4.  Electron  density  versus  the  discharge  current  at  measured  with  different  methods  at 
p  =  40  Tort.  1  -  probe  <^0.2  mm;  2  -  probe  ^0.5  mm;  3  -  microwave  interferometer;  4  - 
spectral  method;  5  -  microwave  interferometer  in  pulsed  periodic  discharge;  6-  cutoff  level. 


electron  concentration  increases  practically  linearly  with  the  discharge  current’s 
increase,  and  it  is  of  the  order  of  10^^  cm“^  at  currents  of  about  1  A  and  the 
pressure  of  tens  Torrs. 


3.  Surface  gas  discharges  in  plasma  aerodynamic  experiment 


The  experiments  on  forming  discharges  on  model  surfaces  in  the  supersonic  air¬ 
flows  were  carried  out  in  TsAGI  at  the  Mach  number  M  =  4  in  the  wind  tunnel 
T-113  and  in  MRTI  at  M  =  2  [2].  The  models  had  a  cylindrical  form.  Head 
parts  of  the  models  were  made  as  cones  or  half-spheres.  A  copper  electrode 
placed  into  a  ceramic  tube  of  4  mm  diameter  was  fastened  to  the  head  part  of 
each  of  the  model.  A  conical  end  part  of  the  electrode  was  27  mm  long.  Another, 
sectionalized  electrode  (consisted  of  8  sections)  was  located  on  the  side  surface  of 
the  model’s  head  part.  Models  were  made  mainly  of  kaprolon,  but  also  ceramic 
models  were  used  in  some  experiments. 

Two  types  of  discharges  between  the  frontal  and  sectionalized  electrodes  were 
used  in  the  experiments.  The  first  type  corresponded  to  a  direct  current  discharge 
(0.5-2.6  A)  at  power  up  to  1.5  kW.  The  direction  of  the  current  was  either 
parallel  or  anti-parallel  to  the  velocity  of  the  supersonic  flow.  The  second  type 
corresponded  to  the  discharge  of  the  alternative  current  with  a  frequency  f  = 
50  Hz.  The  discharge  current  value  could  be  changed  from  0.5  to  5  A  at  the 
maximal  discharge  power  input  being  about  ~  0.9  kW. 

The  discharge  studies  were  carried  out  at  the  following  airflow  characteristics: 
the  pressure  po  =  1  atm,  the  static  pressure  pst  =  30  Torr,  Mach  number  M  = 
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2.3,  the  static  gas  temperature  Tst  =  160  K  (MRTI);  po  =  6  atm,  pst  =  29  Torr, 
M  =  3.98,  the  static  gas  temperature  Tst  =  68  K  (the  TsAGI  wind  tunnel). 

The  voltage-current  characteristics  of  the  surface  discharge  proved  to  be  prac¬ 
tically  the  same  for  both  of  the  Mach  number  values.  The  oscillogram  fragments 
of  the  alternative  current  discharge  in  the  air  (without  a  flow)  are  presented  in 
Fig.  5a  for  voltage  (the  upper  curve)  and  for  current  (the  lower  curve).  One 


FIG.  5. 

can  see  that  the  discharge  current  looks  like  a  disturbed  sinusoid  with  extent 
(1.5-2  ms)  temporal  regions  of  nil  current  values.  A  quick  rise  of  the  voltage 
on  the  discharge  gap  is  observed  during  this  time,  for  example,  at  ?7o  =  7  kV, 
^\t=o  =  2.2  MV/s.  After  reaching  the  breakdown  value  the  voltage  on  the 
discharge  gap  sharply  falls  down  and  then  stays  practically  constant  (about  1 
kV)  during  the  next  7-7.5  ms.  The  maximal  discharge  current  in  this  case  was 
2.6  A. 

The  oscillograms  of  the  voltage  (the  upper  curve)  and  of  the  current  (the 
lower  curve)  for  the  alternative  current  discharge  in  the  supersonic  airflow  at 
M  =  4  are  presented  in  Fig.  5b.  Their  general  view  is  like  the  oscillogram  view 
in  a  steady  air,  but  the  duration  of  the  nil  current  value  is  greater,  the  breakdown 
voltage  is  higher,  one  can  see  the  high  frequency  noise  on  the  voltage  curve. 

In  Fig.  6a  the  typical  view  of  the  longitudinal  direct  current  discharge  for  the 
model  with  the  spherical  head  part  made  of  kaprolon  is  represented.  The  flow  was 
quasi-stationary  with  a  slow  velocity  decrease  (from  M  =  2.3  to  M  =  1).  The 
maximal  discharge  current  was  1.6  A,  and  the  maximal  voltage  on  the  discharge 
gap  was  4  kV.  One  can  see  that  the  plasma  Alls  the  whole  discharge  gap  and 
the  discharge  is  axially  symmetric.  The  plasma  layer  thickness  on  the  modePs 
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a  b 

Fig.  6.  Appeaxence  of  the  discharges  over  the  models  with  the  spherical  (a) 

and  conic  (b)  frontal  parts. 


frontal  part  is  about  1-2  mm,  the  plasma  boundaries  are  distinct  enough.  The 
discharge’s  radiation  is  significantly  non-uniform;  it  is  the  most  bright  near  the 
sectionalized  electrode. 

An  appearance  of  the  longitudinal  alternative  current  discharge  in  a  quasi- 
stationaxy  airflow  with  a  slow  velocity  decrease  (from  M  =  2.3  to  M  =  1)  and  the 
conical  form  of  the  frontal  part  is  represented  in  the  Fig.  6b.  It  corresponds  to 
the  maximal  current  1.6  A,  maximal  voltage  value  C/i  =  5  kV  and  the  discharge 
duration  r  =  5  s.  One  can  see  that  the  plasma  covers  the  whole  frontal  part  of 
the  model,  but  the  plasma  boundaries  are  not  so  sharp  in  contrast  to  the  previous 
case;  some  part  of  the  plasma  has  drifted  from  the  discharge  area.  The  discharge’s 
radiation  is  significantly  non-uniform;  the  discharge  is  most  bright  near  the  back 
edge  of  the  frontal  spike  electrode  and  near  the  sectionalized  electrode. 

Photo  frames  of  the  transverse  discharge  on  the  ceramic  model  in  the  airflow 
at  M  =  4  are  presented  in  Fig.  7.  One  can  see  that  the  discharge  is  axially 


Fig.  7.  Shadow  photo  frame  of  the  transversal  discharge. 

symmetric  and  it  is  formed  on  the  spherical  frontal  part  of  the  model  along  the 
circle  going  through  the  sectionalized  electrode. 

Notice  that  the  most  successful  experiments  on  the  forming  of  the  surface 
discharges  on  the  models  were  carried  out  with  the  models  made  of  refractory 
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ceramics.  The  discharge  formed  on  the  surfaces  of  the  ceramic  models  in  the  flow 
with  M  =  4  is  usually  uniform  and  covers  practically  the  whole  side  surfaces  of 
the  models. 

Let  us  consider  the  effect  of  the  surface  discharge  on  the  aerodynamic  drag 
of  the  model  in  the  airflow  at  M  =  4. 

The  most  considerable  decrease  of  the  head  drag  was  observed  for  the  model 
with  the  spherical  frontal  part  at  a  generation  of  the  longitudinal  discharge  be¬ 
tween  the  nose  electrode-spike  and  the  sectionalized  electrode  located  on  the  side 
surface  of  the  model.  During  the  time  of  the  discharge  burning  the  coefficient 
of  the  head  drag  Cx  decreased  by  14  -  15%  (it  means  that  Cxi  =  0.85  —  0.86; 
Cxq)-  a  temporal  dependence  of  the  head  drag  coefficient  in  the  course  of  one 
experiment  with  the  application  of  the  aerodynamic  balances  is  presented  in  Fig. 
8.  The  6-7%  decrease  of  the  head  drag  was  observed  in  the  experiments  with 


FIG.  8.  Drag  coefficient  temporal  dependence. 

the  model  with  the  conical  frontal  part;  it  is  also  an  extremely  good  result  from 
the  point  of  view  of  aerodynamics. 

The  next  fact  was  absolutely  unexpected.  During  the  experiments  with  the 
models  with  the  ring  transverse  discharge  the  value  of  Cx  also  decreased  con¬ 
siderably.  Here  the  effect  was  weaker  than  that  in  the  experiments  with  the 
longitudinal  discharges,  Cx  decreased  by  2.5  -  4%  (in  respect  of  the  power  in¬ 
put  to  the  discharge).  It  was  observed  in  numerous  experiments  with  both  of 
the  models  and  it  was  independent  of  the  model’s  frontal  part  form.  It  seems 
quite  understandable:  in  these  cases  the  discharge  is  formed  on  the  side  surface 
of  the  model’s  frontal  part  and  it  is  drifted  far  down  the  flow.  The  decrease 
of  the  drag  here  can  be  a  result  of  the  existence  of  the  considerably  extended 
plasma  region  on  the  models,  and  it  shifts  the  coordinate  at  the  beginning  of  the 
laminar-turbulent  transfer,  and  this  effect  leads  to  the  decrease  of  the  viscous 
friction. 

An  analysis  of  the  radiation  spectra  of  the  surface  discharges  shows  that  the 
gas  temperature  is  high  enough  Tg  —  1500  —  2500  K  at  M  =  2.3.  Its  longitu¬ 
dinal  dependence  is  not  monotonous.  The  vibrational  temperature  (T^  =  8000  - 
10000  K)  is  3  -  5  times  greater  than  the  translational  one  in  these  conditions. 
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The  gas  temperature  axial  distributions  for  the  case  M  =  4  and  the  lon¬ 
gitudinal  discharge  show  that  the  gas  temperature  increases  with  the  current 
increase.  It  stays  practically  constant  in  the  gap  between  the  electrodes  and  it 
drops  down  the  flow  (in  the  place  of  plasma’s  exit) .  The  vibrational  temperature 
reaches  Ty  =  10000  K  in  this  case. 

The  electron  density  in  the  surface  discharges  in  the  supersonic  flows  at 
M  =  2  and  M  =  4  reaches  the  value  about  ~  10^^  cm“^  at  the  discharge  current 
3  A.  It  is  close  to  the  electron  concentration  in  the  arc  discharges. 


4.  Computer  simulation  of  plasma  aerodynamic  processes 

As  the  experiments  provide  a  data  set,  which  is  far  from  being  complete  for 
a  description  of  the  main  processes  in  the  nonequilibrium  plasma,  they  should 
be  complemented  by  a  computer  simulation.  An  adequate  theoretical  model  of 
the  phenomenon  should  consider,  on  the  one  hand,  the  gas-plasma  dynamics 
with  the  Maxwell  equations,  and  on  the  other  hand,  the  plasma  kinetics.  In  the 
present  study  they  were  considered  separately,  in  two  complementary  models 
(implementation  of  the  summary  model  is  difficult). 

The  kinetic  approach  to  a  modelling  of  the  longitudinal  discharge  was  applied. 
The  gas  dynamics  and  field  blocks  have  been  simplified  according  to  the  following: 

This  model  considers  a  plasma  channel  formed  by  the  longitudinal  discharge 
along  the  supersonic  airflow.  It  is  supposed  that  the  gas  longitudinal  speeds 
inside  and  outside  the  channel  are  close  to  each  other  and  to  the  speed  of  the 
unperturbed  airflow  Vqq.  It  is  also  supposed  that  the  weakly  ionized  plaspa  static 
pressure  equals  to  that  of  the  unperturbed  airflow  poo?  thus  gas  concentration 
Ug  in  the  plasma  channel  is  determined  as  rig  =  Poo/i^sTg),  here  is  the 
Boltzmann  constant.  These  altogether  substitute  for  the  gas  dynamic  block  at 
the  studies  of  the  main  plasma  parameters’  distributions  along  the  axis,  for  the 
gas  temperature  Tg  is  obtained  from  the  plasma  kinetics  simulation. 

The  electric  current  density  j  distribution  across  the  channel  is  known  to 
be  close  to  a  Il-shape  as  a  rule.  If  the  current  channel  cross  section  A  and  the 
total  current  I  =  jA  are  known,  say,  from  experimental  data,  and  the  plasma 
conductivity  a  is  obtained  on  the  base  of  the  plasma  kinetics,  then  the  electric 
field  E  distribution  along  the  channel  can  be  calculated  as  =  I /{a  A).  Thus, 
the  field  block  is  also  simplified  radically. 

A  steady  one-dimensional  approximation  is  used  to  describe  the  main  kinetic 
processes  in  the  weakly  ionized  plasma  near  the  channel  axis.  The  main  equations 
of  the  model  include  the  following. 


4.1.  The  balance  of  the  translational  and  rotational  gas  temperature  Tg 

dTg/dz  =  (2/7)(5exT  +  SvT  +  Syt^  +  SxT  +  SdT  +  Srt  +  Sii  +  Sct)  • 

(Poo^oo)? 

here  S^xT  is  the  power  of  gas  heating  at  quenching  of  excited  electronic  states, 
primarily  iV2(A^S+),  at  their  collisions  with  each  other,  as  well  as  with  molecules 
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on  high  vibration  levels  ;  Syr  and  Sy/T  are  the  powers  of  gas  heating  due 
to  the  quenching  of  the  lower  and  higher  vibration  levels,  SxT^  Sdt^  Srt,  Su 
correspond  to  the  gas  heating  at  the  reactions  of  VV  exchange,  dissociation, 
dissociative  and  ion- ion  recombination,  SeT  is  the  power  of  e-T  heating  at  elastic 
collisions.  The  corresponding  formulae  and  cross  sections  of  these  and  other 
reactions  are  listed,  e.g.,  in  [21,  22,  23]. 


4.2.  The  balance  of  the  electron  mean  energy 


iSf  =  5'/  +  Sd  +  Sex  +  Sey, 


5f  =  is  the  electric  field  energy  input,  5/,  Soy  Sexy  Sey  are  the  electron 
energy  losses  for  ionization,  dissociation  and  excitation  of  the  electron  and  vi¬ 
bration  states,  respectively. 


4.3.  The  balances  of  vibration  quanta  positive  nj  and  negative  n-  ions,  neutral  atoms 

Ua  and  electronically  excited  molecules  Uex 


dqr/dz  =  {Kev  -  Kvt  -Ka-  (gT/np)Ar)/t;oo, 
d{niVi)/dz  =  Ki  -  Kdr  -  {ni/ng)Ar, 
d{n-V-)/dz  =  Ka-  Ku  -  Kd  -  {n-/ng)Ar, 

dua/dz  =  [Ka  +  Ku  +  2{Kd  +  Kdr)  -  {na/ng)Ar]/V(yo, 
dnexjdz  =  [Kex  -Kg-  {nex/ng)Ar]/voo, 

here  qx  =  —  ng/[exp{hijj/Tv)  —  1],  ny  is  a  number  of  molecules  on  V-th 

vibration  level,  Ty  is  the  vibration  temperature,  huj  is  the  vibration  quantum, 
Key  is  the  frequency  of  pumping  due  to  the  eV  excitation  processes,  accounts 
for  the  processes  of  V-V  excitation  and  VT  transfer  at  high  vibration  excitation 
levels,  Kyx  -  VT  transfer  at  low  levels;  Kdr  are  the  rates  of  ionization  and 
dissociative  recombination;  Kay  Kdy  Ku  are  the  rates  of  dissociative  attachment, 
associative  detachment  and  ion-ion  recombination  at  pair  collisions;  is  the 
total  rate  of  electronic  excitations  that  result  in  dissociation,  Kex  and  Kq  are 
the  rates  of  excitation  and  quenching  of  the  metastable  molecules.  The  terms 
with  Ar  =  VooPocl{kB'^g)d'^gldz  result  from  the  radial  expansion  at  the  plasma 
heating; 


4.4.  The  dynamics  of  the  positive  and  negative  ions, 


=  i’oo  +  Epi,  V-  =Voo-  Epi, 


here  pi  is  the  ion  mobility. 
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4.5.  The  stationary  kinetic  equation  for  the  local  electron  distribution  function  / 


df  /dt  Sf  See  +  SeV  +  ^ex  ==  0? 

here  Sf,  Sea  ^eVi  Sex  correspond  to  the  field  pumping,  the  electron-electron 
collisions,  excitation  of  electronic  and  vibration  energy  levels,  respectively: 

Sf  =  2/(3W^/^me)(eEfdl(W^/^/Fem)df/dW]/dW, 

See  =  (2/W^/^)d[W^/\e(/  +  Tedf/dW)]/dW, 

Sex  =  WiW  +  W^i)v^i{W  +  W^i){l  +  W^ilWf^  -  v^i{W)f{W)\, 

SeV  =  Ey>[f{W  +  +  W„„0(1  +  -  v^v{W)f{W)]. 

Here  W  and  Tg  are  the  electron  energy  and  the  effective  electron  temperature  (as 
a  measure  of  the  mean  energy),  Uem  is  the  frequency  of  elastic  electron- molecule 
scattering,  the  summarizing  is  produced  for  all  the  final  vibration  v,  v'  and 
excited  electron  I  energy  levels  (the  basic  energy  level  v  was  taken  as  an  initial) , 
Uyi  and  i^yyi  are  the  frequencies  of  the  ^-th  electron  (for  transitions  with  a  change 
of  the  electron  and  possibly  vibration  quantum  numbers)  and  the  t;'-th  vibration 
level  excitation  (for  the  transitions  with  a  change  of  the  only  vibration  quantum 
number),  Wyi  and  Wyyf  are  the  corresponding  threshold  energies.  The  electron 
distribution  function  is  necessary  at  the  spectral  integration  of  the  cross  sections 
for  a  calculation  of  the  local  reaction  rates.  Deviations  from  the  equilibrium 
distribution  function  take  place  due  to  the  energy  losses  of  electrons  at  inelastic 
collisions,  namely,  at  the  vibration  and  electron  excitation  of  molecules.  The 
number  of  electrons  with  energies  corresponding  to  high  cross  sections  of  the 
inelastic  collisions  (as  well  as  the  rates  of  these  collisions)  is  Fi  times  less  than 
at  equilibrium;  Fi  can  be  estimated  as  [23]. 

Fi  «  [(1  +  4C)'/2  _  i]/[(i  +  4C)1/2  +  IJ/C, 

here  2C  is  the  ratio  of  frequencies  of  the  inelastic  and  the  elastic  collisions 
at  the  electron  energy  W  being  about  Tg  higher  than  the  threshold  AW  of 
the  corresponding  inelastic  process,  W  =  AW  +  Tg.  The  following  boundary 
conditions  were  applied.  Ion  concentration  at  =  0  point  (near  the  frontal 
electrode)  ni{z  =  0)  =  n^o,  riio  >  0  is  small  in  comparison  with  a  character¬ 
istic  value  of  plasma  concentration  (results  do  not  depend  on  n^o  because 
of  a  very  fast  growth  of  rii  value,  and  its  further  stabilization  at  .a:  ft:  0  on 
the  same  level  n'j).  The  rest  boundary  conditions  are:  Tg{z  =  0)  =  Too, 
qriz  =  0)  =  na{z  =  0)  ~  n-{z  —  0)  =  nex{z  =  0)  =  0.  The  listed  above 
set  of  implicit  algebraic  and  differential  equations  is  two-dimensional  (spatial 
and  electron  energy  W  variables).  It  was  solved  numerically  with  use  of  the 
Newton  and  Runge-Kutta  methods.  Spatial  intervals  at  the  vicinity  of  2:  =  0 
point  were  30. . .  300  times  smaller  than  a  couple  of  millimeters  below  (to  provide 
the  calculation  stability  at  an  extremely  fast  alteration  of  most  of  the  variables). 
For  calculation  of  the  electron  distribution  function  /  in  spatial  point  zi,  the 
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parameters  in  the  previous  point  Zi-i  were  used.  In  a  part  of  the  calculations 
the  approximate  equations  for  Fi  (see  above)  have  been  also  used  instead  of  the 
kinetic  equation;  it  did  not  result  in  a  considerable  deviation  of  the  magnitudes 
of  the  main  plasma  parameters,  and  it  did  not  affect  the  qualitative  results  at 
all,  but  a  considerable  acceleration  of  the  computations  was  observed. 

The  model  was  verified  by  a  comparison  of  the  computer  simulation  and 
the  experimental  results  for  the  longitudinal  gas  discharge  with  the  geometry 
[8]  which  provided  a  practically  free  plasma  channel,  with  an  absence  of  its 
contact  with  the  body  on  its  major  part,  instead  of  a  flow  over  a  body  with  a 
complicated  shape.  The  experiments  [8]  in  a  wind  tunnel  at  J  =  1.5  A,  M  =  6, 
Too  ~  36  K,  Poo  =  30  Torr,  the  current  channel  length  L  =  40  mm,  and  the 
diameter  2i?  =  2.5 . . .  3  mm  were  taken.  At  computation  these  experimental  data 
for  7,  Too,  Poo,  L  were  used  as  initial  conditions.  The  model  thus  contained 
no  degrees  of  freedom  for  fitting.  A  good  agreement  has  been  obtained  for  the 
gas  temperature  (=  20 . . .  30%)  and  the  total  discharge  voltage  (experimental 
voltage  is  about  30  -  50%  higher,  but  it  includes  electrode  layers,  which  have 
not  been  taken  into  account  in  the  present  model).  The  same  calculations  have 
been  produced  also  for  the  conditions  of  the  plasma  aerodynamic  experiments 
with  the  flow  over  the  model.  The  regime  corresponded  to  M  =  2.3,  T  =  160  K, 
p  =  70  Torr.  Some  results  are  presented  on  Fig.  9. 

Two  different  regions  are  observed  in  the  discharge  column.  Most  of  the 
events  (electric  energy  absorption,  ionisation,  vibration  excitation,  generation  of 
metastable  molecules,  gas  heating,  etc.)  take  place  primarily  <  z  <2  mm. 
Downstream  the  flow  relative  rates  of  change  of  all  the  plasma  parameters  are 
much  smaller.  The  speed  of  ion  drift  is  about  an  order  of  magnitude  smaller 
than  the  speed  of  airflow.  Considerable  gas  heating  takes  place.  The  local  Mach 
number  changes  from  M  =  2.3  to  M  <  1.  There  takes  place  a  multiple  growth 
of  the  plasma  viscosity,  that  can  cause  a  considerable  delay  of  the  turbulent 
transition  and  a  reduction  of  viscous  component  of  drag.  The  ratio  of  field  to 
gas  concentration  F/rim  is  approximately  a  constant  at  0  <  ;?  <  6  mm.  The 
electron  concentration  also  changes  rather  weakly.  It  means  that  if  one  neglects 
the  variations  of  electron  concentration,  it  is  possible  to  consider  the  plasma  con¬ 
ductivity  to  be  in  an  inverse  proportion  to  the  gas  concentration.  The  influence 
of  the  deviations  of  the  electron  distribution  functions  from  equilibrium  due  to 
the  excitation  of  vibration  and  electron  states  is  considerable  in  the  frontal  part 
of  the  channel  (here  the  mean  cross  sections  are  2. . .  5  times  smaller  than  at 
equilibrium)  and  vanishes  downstream,  while  F/rim  is  approximately  the  same. 
It  is  a  result  of  the  fact  that  the  plasma  parameters  deviate  from  those  charac¬ 
teristic  ones  for  the  steady  state  at  given  F/rijn^  The  plasma  contains  a  great 
number  of  molecules  with  the  vibration  and  electron  excitation.  Another  model 
considered  the  plasma  dynamics  and  the  current  distribution  in  the  discharge  in 
flow  over  the  body.  According  to  the  results  of  the  first  model,  the  plasma  con¬ 
centration  and  the  electron  temperature  were  considered  to  be  constant,  i.e.  the 
conductivity  was  in  an  inverse  proportion  to  the  gas  density.  The  delay  in  energy 
transport  to  the  gas  temperature  was  neglected.  The  simultaneous  equations  of 
plasma  dynamics  and  electromagnetic  field. 
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dpg/dt  +  div  {pgVg)  =  0,  PgdVg/dt  =  -Vpg, 

pgdEg/dt  =  -Pg'Vvg-\-  j^ja, 

dB/dt  =  V[1/{poct)VB]  +  [V[vg,B]], 

j  =  [VB]/^o,  E=jM 

were  solved  in  the  axially  symmetric  approximation  (here  Pg^  Eg  are  the 

gas  density,  velocity,  pressure,  and  specific  energy,  correspondingly;  B  is  the 
magnetic  induction,  j  is  the  current  density,  E  is  the  electric  field,  po  is  the 
magnetic  constant)  with  use  of  the  free  Lagrangian  method  on  the  base  of  the 
completely  conservative  difference  schemes  on  adaptive  triangular  grids  [24]. 

The  wave  drag  was  computed  as  an  integral  over  the  model’s  surface  of  the 
axial  components  of  the  overpressure  forces.  Boundary  conditions  corresponded 
to  a  gliding  on  the  walls  and  the  axis,  a  free  entry  and  exit  upstream  and  down¬ 
stream  the  body,  zero  tangent  components  of  E  near  the  metallic  surfaces,  and 
a  zero  B  on  all  the  other  boundaries  but  the  wall  between  the  electrodes,  where 
B  —  2po^/^  (here  I  is  the  total  current).  The  experimental  data  for  I  and  the 
energy  input  were  applied.  The  regime  corresponded  to  that  examined  experi¬ 
mentally  and  at  the  plasma  kinetic  computations,  see  above. 

The  modelling  has  shown  the  following  (Fig.  10).  A  long  and  narrow  current 
channel  filled  with  the  plasma  is  formed.  The  gas  temperature  is  about  2000  K 
there.  Practically  all  the  energy  input  takes  place  at  the  channel’s  frontal  end, 
primarily  near  the  hind  end  of  the  spike  electrode:  the  air  that  enters  the  current 
channel  is  cold  and  dense,  its  conductivity  is  comparatively  small,  the  joule 
heating  power  j^/cr  is  high.  As  the  air  is  heated,  its  density  fails  downstream 
together  with  the  electric  field  and  the  heating  power.  The  local  speed  of  sound  in 
the  plasma  channel  due  to  the  gas  heating  becomes  higher  than  the  local  velocity. 
An  additional  shock  wave  is  formed  before  the  region  of  energy  release;  it  results 
in  local  growth  of  pressure,  and  in  additional  acceleration  of  the  plasma  towards 
the  model.  As  the  surface  near  this  region  is  parallel  to  the  axis,  this  pressure 
gain  gives  no  additional  drag.  Due  to  the  flow  modification  by  the  discharge  the 
main  shock  wave  before  the  model  becomes  somewhat  weaker  than  at  the  flow 
without  the  discharge  (compare  Fig.  2a  and  2b).  It  results  in  a  total  wave  drag 
reduction  of  about  5  -  10%.  Note  that  the  experiments  have  shown  a  close  or  a 
somewhat  higher  total  drag  reduction. 


5.  General  consideration  of  results 

A  unanimous  analysis  of  all  the  experimental  and  theoretical  data  with  respect 
to  their  accuracy  has  resulted  in  the  following  reliable  conclusions. 

Under  the  conditions  of  the  plasma  aerodynamic  experiments,  the  plasma 
state  is  very  far  from  equilibrium:  the  vibration  is  excited  in  a  major  part  of 
the  molecules,  a  considerable  number  of  electronically  excited  molecules  is  gener¬ 
ated,  the  electron  energy  distribution  function  deviates  from  the  equilibrium  one 
(especially  in  the  region  of  the  major  energy  input).  It  results  from  the  spectral 
measurements  of  Ty  and  Tg  and  from  the  plasma  computations. 
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FIG.  10.  Spatial  distribution  of  pressure,  kPa(a,  6),  temperature,  100  K(c),  Mach  number  (<i), 
Joule  heating  power  distribution,  GW/m^  (e),  without  (o)  and  with  (6-e)  the  discharge.  The 
initial  parameters:  airflow  Mach  number  2.3,  pressure  8  kPa,  temperature  160  K,  current  2  A. 

The  plasma  processes  of  energy  distribution  from  the  electric  field  to  various 
energy  reservoirs  are  non-linear  and  change  the  whole  flow  over  the  model  consid¬ 
erably.  The  energy  input  into  plasma  at  the  longitudinal  discharges  takes  place  in 
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a  small  quasi  spherical  region.  It  results  from  the  both  numerical  researches  (the 
plasma  and  gas/field  approaches),  and  corresponds  to  the  measured  temperature 
longitudinal  distributions  {Tg  quickly  rises  from  the  initial  cryogenic  tempera¬ 
ture  to  ~  1000  K,  the  further  relative  changes  of  the  measured  and  computed 
temperature  is  much  weaker). 

A  considerable  gas  heating  is  observed,  the  molecular  translation  temperature 
rises  up  to  1 ...  2  kK.  The  high  values  of  the  gas  temperature  are  present  in  the 
both  numerical  approaches  and  in  the  experimental  results. 

The  best  registered  drag  reduction  in  these  experiments  is  rather  considerable 
(15%  for  the  model  with  the  spherical  frontal  part,  and  10%  for  the  conic  model). 
Note  that  the  MHD  computations  also  show  5  -  10%  wave  drag  reduction  for  the 
conic  model. 

Thus,  the  experimental  and  theoretical  investigations  of  the  gas  discharge 
interaction  with  the  supersonic  airflows  in  the  plasma  aerodynamic  experiment, 
carried  out  lately,  open  prospects  for  the  development  and  application  of  plasma 
technologies  in  aerodynamics  for  a  substantial  improvement  of  the  aerodynamic 
characteristics  of  flying  vehicles. 


References 

1.  A.  Ershov,  B.  Liagushin,  S.  Chuvashev,  B.  Timofeev,  I.  Timofeev,  Ambient  Air  Modifi¬ 
cation  for  Drag  Reduction:  DC  Discharges  in  Rarefied  Supersonic  Air  Flow,  Proceedings,  USAF 
Academy,  Colorado  9-13  June  1997,  Section  M,  p.M-3  -  M-13. 

2.  S.  Chuvashev,  A.  Ershov,  A.  Klimov,  S.  Leonov,  W.  Shibkov,  I.  Timofeev,  Flow  around 
body  and  characteristics  of  AC/DC  discharges  in  plasma  aerodynamic  experiment,  Proceedings 
2-nd  Weakly  Ionized  Gases  Workshop,  AIAA  8-th  International  Planes  and  Hypersonic  Systems 
and  Technologies  Conference,  April  24-30,  1998,  Norfolk,  Virginia,  USA,  p.59-67. 

3.  A.V.  Krasilnikov  et  al..  Experimental  and  theoretical  study  of  the  possibility  of  reducing  aero¬ 
dynamic  drag  by  emploing  plasma  injection.  Proceedings  2-nd  Weakly  Ionized  Gases  Workshop, 
AIAA  8-th  International  Planes  and  Hypersonic  Systems  and  Technologies  Conference,  April  24-30, 
1998,  Norfolk,  Virginia,  USA,  p.  68-92. 

4.  A.F.  Alexandrov,  S.  Chuvashev,  A.P.  Ershov,  I.  Imad,  LB.  Timofeev,  V.M.  Shibkov,  High 
speed  plasma  jets  in  air,  III  Non  laser  continuous  optical  discharge  in  the  atmosphere,  Teplofizika 
Vysokikh  Temperatur,  31,  5,  850-851,  1993. 

5.  A.P.  Ershov,  LB.  Timofeev,  S.N.  Chuvashev,  V.M.  Shibkov,  Experimental  realization  of 
forming  of  the  hot  channel  and  supersonic  motion  of  the  plasma  flow  in  the  atmosphere  without 
shock  wave  excitation,  IV  International  symposium  on  radiative  plasmadynamics,  Report  thesis, 
Moscow,  1997,  pp.  124-125. 

6.  E.M.  Barkhudarov,  V.P.  Berezovskii,  M.O.  Mdinashvili  et  al.,  Dissipation  of  the  weak 
shock  wave  in  the  laser  plasma  in  air,  Pis’ma  v  Zhurnal  Tekhnicheskoi  Fiziki,  10,  10,  1178-1181, 
1984. 

7.  A.M.  Galkin,  N.N.  Sysoev,  F.V.  Shugaev,  Interaction  of  shock  waves  with  the  carbon  torch. 
Collection  of  works:  Kinetic  and  gasdynamic  processes  in  nonequilibrium  media,  Moscow,  MSU 
publishers,  1984,  p.  134. 

8.  A. I.  Klimov,  A.N.  Koblov,  G.I.  Mishin  et  al.,  Propagation  of  shock  waves  in  the  glow  discharge 
plasma,  Pis’ma  v  Zhurnal  Tekhnicheskoi  Fiziki,  8,  7,  439-443,  1982. 

9.  G.I.  Mishin,  Shock  waves  in  low  ionized  and  low  temperature  plasma,  Pis’ma  v  Zhurnal  Tekhnich¬ 
eskoi  Fiziki,  11,  5,  274-278,  1985. 

10.  H.  Edels,  D.  Nitteiker,  Detection  of  the  arc  temperature  by  the  shock  wave  velocity.  Collection 
of  works:  Optical  pirometry  of  plasmas,  Moscow,  IL,  1960,  p.  381. 


550 


A.  F.  Alexandrov  et  al. 


11.  A.F.  Alexandrov,  N.G.  Vidyakin,  V.A,  Lakutin,  M,G.  Skvortsov,  I.B.  Timofeev, 
V,A.  Chernikov,  Interaction  of  shock  waves  with  the  decaying  plasma  of  the  laser  spark  in  air, 
Zhurnal  Tekhnicheskoi  Fiziki,  56,  4,  771-774,  1986. 

12.  A.F.  Alexandrov,  A.P.  Ershov,  A.A.  Kuzovnikov,  A.A.  Ruhadze,  S.F.  Teselkin,  I.B. 
Timofeev,  Shock  Wave  Interaction  with  Spatial-limited  Low-temperature  Plasma  [in  Russian], 
Fundamental  Problems  of  Physics  of  Shock  Waves,  Chernogolovka,  USSR,  1987,  vol.2,  pp.78-80. 

13.  P.A.Voinovich,  A.P.  Ershov,  A.A.  Kuzovnikov,  S.E.Ponomareva,  V.M.  Shibkov,  About 
mechanisms  of  acceleration  of  shock  waves  in  plasma  of  glow  discharge  in  air  [in  Russian],  Proc. 
Ill  Conference  on  Physics  and  Gasdynamics  of  Shock  Waves,  Vladivostok,  Russia,  1989,  vol.2, 
pp.12-19. 

14.  A.P.  Ershov,  S.V.  Klishin,  A.A.  Kuzovnikov,  S.E.  Ponomareva  and  Yu.P.  Pyt’EV,  Inter¬ 
pretation  of  MW  interferometer  measurement  of  shock  wavew  in  a  weakly  ionized  plasma,  Proc. 
XIX  ICPIG,  Belgrad,  1989,  vol.4,  pp.  846-847. 

15.  P.A.  VoiNOViCH,  A.P.  Ershov,  S.E.  Ponomareva,  V.M.  Shibkov,  Shock  Wave  Propagation  on 
Glow  Discharge  Plasma  in  Air  [in  Russian],  Preprint  1453,  A.F.Ioffe  Physicotechnical  Institute, 
Academy  of  Sciences  of  the  USSR,  Leningr^,  1990. 

16.  A.P.  Ershov,  S.V.  Klishin,  A.A.  Kuzovnikov,  S  .E.  Ponomareva  and  Yu.P.Pyt'Ev,  Analysis 
and  interpretation  of  experiments  on  microwave  interferometry  of  shock  wavew  in  a  weakly  ionized 
plasma.  High  Temperature,  28,  6,  779-785,  1990. 

17.  P.A.  VoiNOViCH,  A.P.  Ershov,  S.E.  Ponomareva  and  V.M.  Shibkov,  Propagation  of  weak 
shock  waves  in  plasma  of  longitudinal  glow  discharge  in  air,  High  Temperature,  29,  3,  468-476, 
1990. 

18.  O.G.  Vasil’ev,  A.P.  Ershov  and  S.E.  Ponomareva,  Heat  conduction  precursor  in  the  blast 
wave  propagating  in  a  weakly  ionized  plasma,  Moscow  University  Physics  Bulletin,  49,  2,  84-87, 
1994. 

19.  A.P.  Ershov,  I.B.  Timofeev,  V.A.  Chernikov,  V.M.  Shibkov,  Gas  discharges  in  the  supersonic 
airflows,  XXVI  Zvenigorod  conference  on  plasma  physics  and  CTS.5-9  April,  1999.  Report  thesis. 

20.  A.S.  Zarin,  A.A.  Kuzovnikov,  V.M.  Shibkov,  Free  localized  microwave  discharge  in  air, 
Moscow,  Neft  i  gas,  1996,  p.204  . 

21.  V.I.  Alferov,  A.S.  Bushmin,  B.V.  Kalachev,  Zhyrnal  Exp.  Teor.  Fiz.,  51,  5  (11),  1281-1287, 
1966. 

22.  Yu.S.  Protasov,  S.N.  Chuvashev,  Physical  Electronics  of  gas  discharge  devices  [in  Russian], 
V2.  Moscow.  Vysshata  Shkola,  1993,  p.736. 

23.  L.M.  Biberm  an,  V.S.  Vorobiev,  I.T.  Yakubov,  Kinetics  of  Non- equilibrium  Low  Temperature 
Plasma  [in  Russian],  Moscow:  Nauka,  1982. 

24.  N.V.  Ardelyan,  K.V.  Kosmachevskii,  S.N.  Chuvashev  et  al,  in:  Radiating  Plasma  Dynamics, 
Moscow  [in  Russian],  Energoatomizdat,  1991,  pp. 191-249. 


Journal  of  Technical  Physics,  J.  Tech.  Phys.,  41,  1,  Special  Issue,  551-572,  2000 
Polish  Academy  of  Sciences,  Institute  of  Fundamental  Technological  Research,  Warszawa 
Military  University  of  Technology,  Warszawa 


INDUSTRIAL  APPLICATIONS  OF  E-BEAM  PLASMA  TO  AIR  POLLUTION 

CONTROL 

A.  G.  CHMIELEWSKIi,  Z.  ZIMEK^,  E.  ILLER^  B.  TYMINSKI^,  J.  LICKI^ 


^INSTITUTE  OF  NUCLEAR  CHEMISTRY  AND  TECHNOLOGY 
Warsaw,  Poland 

^INSTITUTE  OF  ATOMIC  ENERGY 
Otwock,  Poland 


Fossil  fuel  combustion  creates  a  the  treat  to  environment.  Waste  quantities  of  SO2,  NO®  and 
VOC  (volatile  organic  compounds)  are  emitted  in  to  atmosphere.  Municipal  wastes  inciner¬ 
ation  is  another  air  pollution  potential  problem.  New  technologies  for  simultaneous  removal 
of  different  pollutants  are  searched  for.  Electron  beam  process  is  among  the  most  promising 
advanced  technologies  of  new  generation.  The  laboratory  unit  (400  Nm^/h)  and  industrial  pilot 
plant  (20000  Nm^/h)  have  been  constructed  in  Poland.  Pull  scale  industrial  project  is  under 
development  (270000  Nm^/h).  New  developments,  connected  mostly  with  energy  consumption 
reduction,  made  this  process  very  competitive  in  comparison  with  conventional  technologies. 


1.  Introduction 

The  most  important  source  of  air  pollution  is  the  combustion  of  fossil  fuels. 
Among  the  processes  in  which  fuel  is  used  for  energy  (electricity  and  heat)  pro¬ 
duction  coal  burning  plays  a  leading  role.  Burning  fossil  fuel  is  and  will  be  the 
main  source  of  energy  for  a  long  time.  In  the  year  1995  the  power  installed  based 
on  the  coal  fired  boilers  was  equal  to  870  GW,  oil  fired  boilers  435  GW,  while 
the  total  world  power  installed  was  equal  to  2900  GW.  According  to  predictions 
the  total  number  will  increase  to  5400  GW  by  the  year  2020,  including  1836  GW 
installed  in  power  stations  using  coal  and  648  GW  in  oil  fired  power  stations  [1]. 

When  burning  fossil  fuels  air  polluting  substances,  in  particular,  SO2,  NOs, 
volatile  organic  compounds  (VOC)  and  other  are  generated.  Flue  gas  compo¬ 
sitions  vary  from  one  fuel  to  another  [2,  3,  4],  e.g.  for  lignite  emissions  of  SO2 
as  high  as  5500  ppm  are  observed.  Even  though  the  concentration  of  pollutants 
is  low  the  global  emission  is  very  high  for  the  volume  of  flue  gases  emitted.  In 
the  case  of  hard  coal  the  volumetric  rate  of  gas  flow  (per  MW  of  heat  capac¬ 
ity)  is  in  the  range  1000  -  1500  m^/h  (gas  temperature  393  -  473  K),  lignite 
-  1550  -  2200  m^/h  (gas  temperature  393  -  473  K).  Combustion  of  one  ton  of 
municipal  solid  waste  incineration  creates  4200  m^  (505  K). 
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The  worldwide  emission  of  SO2  only  from  coal  fired  power  stations  reaches 
about  55  million  metric  tons  annually:  17.5  in  the  US,  7  in  China,  6.6  in  CIS, 
3.6  in  Germany,  1.9  in  Poland,  2.2  in  Bulgaria  and  1.3  in  Turkey.  Emission  from 
domestic  and  industrial  furnaces  which  use  coal  as  an  energy  carrier  must  be 
added  to  these  numbers.  It  is  necessary  to  remember  that  the  total  emission  is 
much  higher  and,  for  example,  in  the  case  of  China  is  equal  to  22000  kt/year. 

Emission  of  NOa;  (recalculated  as  nitrogen)  created  by  fossil  fuel  combustion 
including  engines  is  equal  to  21  million  tons  (N)  annually  [5]. 

VOC  emissions  from  combustion  (not  including  traffic)  reach  almost  0.2  mil¬ 
lion  tons  annually  in  the  US  only  [6].  The  total  emission  of  this  pollutant  in  GB 
was  equal  to  1.8  million  tons  and  2  million  tons  in  Prance  in  1989  [7]. 

Air  pollution  caused  by  particulate  matter  and  other  pollutants  not  only 
directly  affect  the  environment  but  by  contamination  of  waters  and  soil  leads 
to  their  degradation.  Wet  and  dry  deposition  of  inorganic  pollutants  leads  to 
acidification  of  the  environment. 

These  phenomena  affect  people’s  health,  increase  corrosion,  destroy  culti¬ 
vated  soil  and  forests.  Most  of  the  plants,  especially  coniferous  trees  are  not 
resistant  to  the  influence  of  sulfur  and  nitrogen  oxides.  Following  longer  ex¬ 
position  leaves  become  yellow  and  fall  down.  Wide  spread  forest  damage  has 
been  reported  in  most  Central  and  Eastern  European  countries,  as  well  as  in 
the  northeastern  USA  and  Canada.  Many  cultivated  plants  are  not  resistant  to 
these  pollutants  especially  in  the  early  period  of  vegetation. 

The  scheme,  of  the  called  ’’acid  rains”  formation,  is  presented  in  Fig.  1  [8]. 
Transportation  distance  of  the  pollutants,  before  being  transferred  to  the  acids 
and  deposited,  is  equal  to  hundreds  or  thousands  kilometers.  In  many  cases 
pollutants  are  deposited  over  the  territory  of  another  country.  Therefore,  this  is 
a  global  problem  and  subject  of  international  treaties.  This  is  the  reason  why  in 
most  countries  all  over  the  world  emission  standards  have  been  introduced  [9] . 

The  mechanisms  of  pollutants  transformation  in  atmosphere  are  described  by 
environmental  chemistry.  The  processes  are  rather  complicated,  some  not  very 
well  clear  so  the  reactions  scheme  differs  from  source  to  source.  The  pathways 
depends  on  many  conditions  (e.g.  darkness,  sunshine,  air  humidity  or  presence 
of  dust  or  water  droplets,  presence  of  other  pollutants).  An  important  role 
in  process  mechanism  is  played  by  photochemistry.  These  reactions  concern 
molecules  which  absorb  highly  energetic  light  in  the  region  300  -  700  nm. 

Another  problem  discussed  recently  is  the  combustion  of  municipal  solid 
waste.  Waste  incineration  leads  to  volume  and  weight  reduction,  destruction 
of  some  components  and  detoxification  of  others,  destruction  of  biodegradable 
compounds  which  emit  methane  to  the  atmosphere  in  an  uncontrolled  manner, 
energy  recovery  fi:om  organic  compounds  with  adequate  calorific  value  that  leads 
to  fossil  fuel  consumption  reduction  [4]. 

The  public  concern  over  incineration  is  connected  with  the  identification  of 
chlorinated  dibenzo-p-dioxins  and  dibenzofurans  in  incinerator  emission.  These 
emissions  are  observed  when  incomplete  combustion  may  occur  when  the  incin¬ 
erator  is  improperly  operated,  for  example,  operation  at  excessively  low  temper¬ 
atures  (below  800® C)  or  overloading  of  the  plant. 

Different  technologies  have  been  applied  for  air  pollution  control,  e.g.  coal 
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FIG.  1.  Scheme  of  acidic  rain  formation  [8]. 


and  oil  desulfurization,  combustion  modification  or  flue  gas  purification.  The 
most  widely  applied  system  for  coal  fired  boilers  are  wet  flue  gas  desulfuriza¬ 
tion  (FGD)  using  lime  or  limestone  as  reagent  and  selective  catalytic  reduction 
(SCR)  for  NOx  reduction.  In  the  first  case  commercial  or  throw  away  gypsum 
is  generated  as  a  byproduct  and  in  the  second  case  NOa;  are  reduced  to  nitro¬ 
gen  using  ammonia  over  a  catalyst.  Electron  beam  process  is  among  the  most 
promising  advanced  technologies  of  new  generation  where  usable  by  product  is 
also  obtained  during  a  gas  purification  process. 


2.  Electrons  interaction  with  gas 

Fast  electrons  which  have  a  limited  penetration  range  in  matter  are  a  good  tool 
for  processing  of  gases  of  low  density  (three  orders  of  magnitude  lower  than 
that  of  liquids  or  solids) .  During  the  movement  of  electrons  through  a  medium 
which  consists  mostly  of  light  nuclei  its  energy  is  dissipated  mainly  through 
interactions  with  the  orbital  electrons,  and  ionization  or  excitation  occurs.  The 
average  energy  of  an  ion  pair  formation  (cj)  in  gaseous  material  lies  between  25 
and  40  eV.  The  ionization  potentials  j  of  the  gases  are  lower  than  the  w  -  values 
and  the  rest  of  energy  u)  -  j  must  be  used  for  excitation.  For  air  u)  is  equal  to  34 
eV,  ionization  potential  j  =  15  eV,  so  co  —  j  =  19  eV.  The  differences  for  the  air 
components  are  not  very  large,  u  —  34.9  eV  for  N2,  30.8  eV  for  O2  and  32.8  eV 
for  CO2.  Since  the  excitation  energies  per  atom  are  <  5  eV,  several  excited 
atoms  are  formed  for  each  ion  pair.  Along  the  electron  track  exited  and  ionized 
molecules  are  formed  and  secondary  electrons  are  liberated.  The  penetration 
range  of  electrons  depends  on  their  energy  i.e.  in  air  for  1  MeV  electrons  is  equal 
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to  405  cm,  for  3  MeV  -  1400  cm  and  for  10  MeV  -  4200  cm. 

The  energy  is  transferred  to  unit  mass  components  as  an  absorbed  dose.  In 
the  absence  of  chemical  reactions,  the  ions  recombine,  exited  species  return  to 
their  ground  states,  and  energy  will  appear  as  thermal  energy  (heat)  that  will 
cause  the  temperature  to  increase.  This  is  a  very  useful  dosimetric  method  often 
applied  in  gas  treatment  research  systems. 

There  is  no  possibility  of  photonuclear  reactions  which  may  induce  radioac¬ 
tivity  in  materials  for  photons  with  energies  below  10  MeV.  Practically,  in  the 
case  of  flue  gas  treatment  accelerators  with  electron  beam  energy  less  than  1 
MeV  are  applied  so  these  phenomena  do  not  occur.  Accelerators  with  electron 
energy  up  to  10  MeV  are  used  commercially  for  radiation  processing,  sterilization 
and  food  irradiation. 

Energy  of  electrons  is  absorbed  by  the  components  of  gaseous  mixture  propor¬ 
tionally  to  their  mass  fraction.  In  the  case  of  air  or  flue  gases  a  matrix  consists 
of  nitrogen,  oxygen,  water  and  carbon  dioxide.  In  the  case  of  electron  beam 
irradiation  only  6%  or  less  of  the  absorbed  energy  is  dissipated  in  vibrational 
excitation  of  molecules.  Most  of  it  is  consumed  in  dissociation  and  ionization  of 
molecules  which  is  illustrated  by  data  given  in  Table  1  [10]. 

Table  1.  Energy  dissipation  in  the  plasma  produced  by  electron  beam  irradiation 

of  dry  air  {S0%N2  4-  20%O2) 


Process 

Energy  dissipation 
(%  of  input  power) 

N2  vibrational 

5.3 

1.1 

1.8 

N2  dissociation 

24.0 

N2  dissociative  ionization 

13.9 

N2  molecular  ionization 

28.3 

O2  vibrational 

0.6 

02(aiA,) 

0.7 

O2  dissociation 

8.3 

O2  dissociative  ionization 

2.9 

O2  molecular  ionization 

2.8 

Others 

10.3 

The  radiolytic  yield  of  primary  reactive  species  is  given  in  the  literature 

[11,  12]: 


(2.1)  4.43iV2  0.29iV2*  +  0.885Ar(2D)  +  0.295N(^P)  + 

1.87N{^S)  +  2.27N}  +  0.69Ar+  +  2.966“ 

(2.2)  5.377O2  O.O77O2  +  2.2bO{^D)  +  2.80{^P)  +  0.180*  + 

2.070^  +  1.230+  +  3.3e“ 
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(2.3)  7.ZZH2O  0.51ff2  +  0.460(®P)  +  4.250ff  +  4.15i?  + 

1.991^20+  +  O.Olif^  +  0.57OH+  +  0.67iZ'+  +  0.060+  +  3.36“ 

(2.4)  7.54OO2  4.7200  +  5.160(®P)  +  2.24002  +  +0.5100+  + 

0.070+  +  0.210+  +  3.03e- 

The  G-values  for  the  reactions  presented  in  equations  (2.1  -  2.4)  are  6  ±2 
that  corresponds  to  the  radiolysis  of  25  =b  10  of  gas  molecules  per  kGy.  Some  of 
the  excited  molecules  react  rapidly  with  the  background  molecules  to  produce 
additional  dissociation.  E.g.  excited  oxygen  atoms  0(^D)  react  rapidly  with  H2O 
to  form  additional  OH  radicals.  Ions  react  with  H2O  to  decompose  it  through  a 
charge  transfer 

(2.5)  N2  +  2H2O  HsO^  +  Oif  +  iV2 
electrons  react  mainly  with  O2  to  produce  O2  or  its  cluster  ion 

(2.6)  e“  +  O2  +  M  — >02  +M 
These  ions  neutralize  to  form  HO2 

(2.7)  -H3O+  -f  O2  — >  HO2  +  H2O, 

Therefore,  one  pair  of  ions  produces  one  OH  and  one  HO2  radicals.  The 
radicals  produced  initially  through  direct  and  ionic  decomposition  processes  are 
OH,  N,  H2O,  O  and  H.  These  radicals  react  with  NO  and  SO2  which  are  good 
radical  scavengers. 


3.  Nitrogen  oxides  and  sulfur  dioxide  removal  pathways 

The  biggest  amount  of  nitrogen  oxides  is  emitted  by  power  plants  which  burn 
coal.  In  such  a  case  95%  of  the  oxides  is  monoxide  (NO)  and  NO2  is  the  rest. 
NO  is  unsoluble,  and  a  little  reactive.  Therefore  in  most  cases  it  is  necessary  to 
oxidize  it  to  NO2  before  the  removal  or  reduce  to  gaseous  nitrogen.  In  the  case 
of  electron  beam  treatment  the  most  effective  removal  pathways  are  as  follows: 

(3.1)  OH  +  NO2  +  M  — >  HNO2  +  M 


(3.2)  N{^S)-{-N0^N2  +  0 

(3.3)  Ni^S)  +  NO2  — ^  N2O  +  O 

SO2  removal  is  based  on  two  different  pathways:  thermochemical  oxida¬ 
tion  and  radiation  induced  reaction.  SO2  oxidation  in  the  gas  phase  is  possi¬ 
ble  through  direct  photooxidation  or  oxidation  through  photochemically  formed 
components  (e.g.  radicals)  [6].  Even  in  the  absence  of  light,  SO2  in  air  is  oxidized 
in  the  presence  of  several  metal  oxides  (aluminum,  calcium,  and  iron). 
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However,  conversion  of  SO2  within  liquid  droplets,  dew  and  on  solid  particles 
surfaces  is  of  special  significance  for  oxidation  of  SO2.  This  is  a  heterogeneous 
oxidation.  The  process  is  based  on  two  steps  ab(ad)  sorption  and  chemical 
oxidation. 

For  small  droplets  and  pH  values  below  6  the  equilibrium  between  SO2  in 
the  gaseous  phase  and  hydrogen  sulfite  or  hydrate  in  the  liquid  phase  is  quickly 
reached.  With  decreasing  pH  values  it  shifts  towards  the  gaseous  phase.  The 
factor  determining  the  SO2  transformation  is  the  oxidation  stage  and  not  the  SO2 
absorption  in  water  [6].  The  process  of  oxidation  of  SO2  in  droplets  depends  on 
many  different  factors  and  is  not  fully  known.  The  oxidation  of  SO2  by  O2  can 
be  accelerated  in  polluted  air  by  catalysts,  in  particular  by  magnesia  and  ferrous 
ions. 

The  reaction  with  OH  radicals,  as  it  is  seen  from  this  reaction,  plays  the 
most  important  role  in  SO2  transformation.  The  rate  constant  of  the  first  re¬ 
action  (with  OH)  depends  on  temperature,  pressure  and  water  vapor  content. 
A  remarkable  increase  in  process  efficiency  is  observed  in  humid  air  or  water 
droplets.  The  decrease  of  initial  absolute  humidity  from  7  to  2%  causes  an 
increase  of  oxidation  energy  from  2  to  15  eV/molecule. 

In  the  case  of  water  droplets  spray  present  in  irradiation  region,  the  observed 
chain  reaction  in  the  liquid  phase  leads  to  a  significant  energy  consumption  re¬ 
duction  for  the  SO2  removal  in  a  heterophaseous  air  stream.  Firstly,  this  is 
connected  with  a  well-known,  from  environmental  chemistry,  liquid-phase  chain 
mechanism  and  secondly  with  a  specially  proposed  ionic  chain  oxidation  mech¬ 
anism  in  a  cluster  [13]. 

SO2  is  converted  to  sulfuric  acid  which  reacts  with  ammonia  to  form  ammo¬ 
nium  sulfate.  The  pathways  of  NO^  and  SO2  removal  are  presented  in  Fig.  2 
[14].  It  should  be  noted  that  SO2,  besides  the  radical  reactions,  is  removed  via 
a  thermochemical  reaction.  The  mechanism  of  the  second  reaction  is  not  fully 
known  and  some  differences  in  the  results  obtained  by  different  investigators 
were  reported. 

According  to  the  observations  in  the  environmental  chemistry  [15],  the  pres¬ 
ence  of  ammonia  in  the  air  polluted  by  SO2  does  not  lead  to  the  formation 
of  particles.  But  it  has  been  realized  that  air  photolytic  particles,  enriched  in 
SO2,  are  of  larger  size  when  NH3  is  added.  SO2  dissolved  in  atmospheric  water 
droplets  form  H2SO3  which  is  then  oxidized  by  oxygen  dissolved  in  droplets  to 
sulfuric  acid. 

When  an  electron  beam  is  applied,  the  oxidation  of  SO2  is  much  faster  due 
to  the  radical  reactions.  The  formed  SO3  condensates  in  the  presence  of  water 
vapor  even  at  high  temperatures.  The  role  of  water  vapor  was  proven  [16,  17], 
the  reaction  practically  stops  at  temperatures  below  the  dew  point. 

The  positive  role  of  increasing  oxygen  and  nitrogen  oxide  concentration  on 
the  removal  efficiency  was  observed  [18].  However,  in  these  investigations  gas 
mixtures  containing  pure  SO2  were  studied  and  the  dew  point  temperature  is 
characteristic  for  a  given  content  of  water  vapor.  Quite  a  different  case  concerns 
real  flue  gases  from  a  power  plant  where  SO3  is  always  present.  The  understand¬ 
ing  of  the  physico-chemical  mechanism  of  the  process  allows  the  optimization  of 
the  removal  process  to  achieve  the  highest  SO2  removal  efficiency  at  the  lowest 
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NOx  removal 


SOa-^  HS0,^2^So/-^'^->HaS04 


NH3 


^  (NH3)j SO2  >  (IMH4 )2  SO4 


FIG.  2.  Simplified  pathways  of  SO2  and  NO®  eb  removal  in  ammonia  presence  [14]. 


power  (beam)  consumption. 

Sulfuric  and  nitric  acids  formed  during  flue  gas  treatment  easily  react  with 
other  than  ammonia  neutralizing  reagents  as  well.  Ca(OH)2  5  KOH  or  NaOH  can 
be  used.  Sulfates  and  nitrates  result  as  products  of  these  reactions. 

Nitrous  oxide  (N2O)  occurs  in  the  troposphere  at  the  background  concentra¬ 
tion  of  about  300  ppb  and  measurement  over  the  past  two  decades  has  shown  that 
its  concentration  is  rising  at  a  rate  of  about  0.2  -  0.4%  per  year.  The  molecules, 
being  chemically  stable  in  the  troposphere  (the  life  time  of  approximately  150 
years)  if  transported  to  the  stratosphere  undergo  conversion  to  NO,  which  subse¬ 
quently  reacts  with  O3.  Hence  an  increase  in  N2O  emission  is  followed  by  further 
O3  depletion  in  the  stratosphere. 


4.  Volatile  organic  compounds  reduction 

Volatile  organic  compounds  (VOC)  are  mostly  toxic  substances  affecting  human 
beings  or  the  environment  directly  or  as  an  ozone  precursor.  Ozone  is  formed 
as  a  product  of  the  reaction  of  VOC  with  NO^;.  VOC  react  in  troposphere 
with  hydroxyl  radicals  to  form  organic  radicals  which,  through  the  reaction  with 
oxygen,  form  peroxy  radicals  oxidizing  NO.  As  a  result  of  the  photochemically 
induced  reaction  of  NO2  with  oxygen  ozone  is  formed. 

Different  processes  have  been  introduced  for  VOC  removal  from  industrial 
gases.  Adsorption,  thermal  catalytic  and  non  catalytic  combustion,  bioflltration. 
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etc.  Thermal  combustion  for  low  VOC  concentrations  is  not  very  economical 
because  the  whole  stream  of  flue  gas  has  to  be  heated. 

Electron  beam  application  for  the  VOC  destruction  is  advantageous  due  to 
the  fact  that  the  energy  is  directed  preferentially  toward  pollutant  molecules 
which  act  as  scavengers  of  formed  radicals.  A  carrier  gas  is  heated  slightly.  A 
fast  electron  creates  up  to  3000  secondary  electrons  which  slow  down  very  quickly 
on  the  neutral  species  to  the  energy  0.025  -  1  eV. 

Mechanism  of  energy  transfer  on  the  example  of  chloroorganic  compounds 
destruction  is  given  in  Table  2  [19]. 

Table  2.  Ozone  formation  in  troposphere 


OH  +  RM  - 

-4  H2O  +  R 

R  +  O2- 

^R02 

RO2  +  NO 

—>N02 

NO2 

NO  +  0 

0  +  O2 

-^03 

The  oxygen  and  chlorine  radicals  produced  will  react  with  other  VOC 
molecules.  Even  in  the  case  when  the  concentration  of  halogenated  organic 
compounds  is  low  in  comparison  with  nitrogen  or  oxygen  the  attachment  of  slow 
electrons  to  them  is  much  more  probable. 

The  reactions  of  OH  radicals  with  aromatic  hydrocarbons  occur  via  the  ad¬ 
dition  of  OH  radicals  to  the  aromatic  ring  (at  temperature  below  320^ AT).  Two 
possible  reaction  pathways,  namely  the  hydrogen  diminishing  and  oxygen  addi¬ 
tion  can  be  considered  for  reactions  of  the  intermediate  radicals  with  oxygen. 
The  oxygen  addition  reaction  may  give  a  ring  cleavage,  which  leads  to  the  pro¬ 
duction  of  various  organic  compounds  through  the  reactions  with  NO  and/or 
oxygen.  The  predominant  primary  products  of  the  ring  opening  reactions  are 
simple  aldehydes  under  tropospheric  reaction  conditions.  These  opening  reac¬ 
tions  are  of  minor  importance  compared  with  aerosol  formation.  The  aerosol 
formation  proceeds  via  retainment  of  the  aromatic  structure  which  is  favorable 
from  the  energetic  point  of  view.  Such  pathways  may  be  a  combination  of  ox¬ 
idation  and  substitution  reactions  which  would  lead  to  the  substituted  xylene, 
toluene  and  benzene  of  low  vapor  pressure.  Parallel  to  such  reactions,  coagu¬ 
lation  of  the  molecules  may  take  place  to  produce  polymeric  particles.  With 
aliphatic  hydrocarbons  like  butylacetate,  no  comparable  reactions  are  possible, 
hence  aromatic  hydrocarbons  like  xylene  are  much  more  favorable  for  aerosol 
formation  upon  electron  beam  treatment  [20]. 

The  electron-generated  plasma  is  used  to  decompose  different  chlorinated 
hydrocarbons.  These  compounds  with  more  chlorine  molecules  are  more  easily 
decomposed.  The  electron-capture  cross  section  is  a  measure  of  how  readily  a 
molecule  captures  a  slow  secondary  electron.  Molecules  that  have  electronegative 
elements  such  as  chlorine  or  fluorine  are  more  likely  to  attach  to  free  electrons, 
and  these  molecules  have  higher  electron-capture  cross  sections.  Consequently, 
the  rate  constant  of  their  dissociation  reactions  will  be  higher. 

For  example  CCI4,  which  has  four  chlorine  atoms  per  one  carbon  atom,  has 
the  highest  electron-capture  cross  section  of  any  chlorinated  molecule.  Therefore, 


Industrial  applications  of  e-beam  plasma  to  air  pollution  control 


559 


its  rate  constant  for  dissociative  electron  attachment  is  high  and,  as  a  result,  the 
molecule  will  decompose  more  easily  in  the  plasma  than  a  VOC  with  a  similar 
decomposition  mechanism  but  of  lower  electron-capture  cross  section. 

The  energy  efficiency  for  CCI4  is  insensitive  to  the  gas  temperature,  at  least 
up  to  300^C.  The  mechanism  of  the  process  is  discussed  in  [20].  The  chain 
reactions  may  play  a  role  in  the  decomposition  of  VOC  (e.g.  TCE)  as  well.  The 
mechanisms  of  most  of  the  reactions  are  still  not  very  clear. 


5.  Electrical  discharge  process  for  pollution  control 

Electrostatic  precipitation  and  pulsed  corona  discharge  processes  have  a  capa¬ 
bility,  as  well  as  electron  beam,  to  reduce  SO2  and  NOa;  concentration  in  treated 
flue  gas.  These  non-thermal  plasma  discharge  processes  may  produce  electrons 
with  the  energy  sufficient  to  form  active  radicals  and  initiate  chemical  reactions 
described  in  previous  chapters. 

Electrostatic  precipitation  has  been  practically  implemented  at  the  beginning 
of  the  century.  This  method  is  being  now  applied  to  collect  the  solid  particles 
(ashes)  in  filters  commonly  installed  in  power  stations.  The  typical  configuration 
of  such  an  instrument  is  composed  of  two  electrodes  where  high  voltage,  is  applied 
to  the  wire  against  the  grounded  plate  to  form  corona  discharge  region  consisting 
of  electrons  and  ions.  These  charged  particles  interact  with  particulates  which 
are  driven  latter  to  the  collecting  plates.  The  radical  formation  in  such  equipment 
depends  on  the  electric  field  strength.  The  radicals’  formation  process  can  be 
optimized  by  the  use  of  the  pulse  power  technology  where  fast  rising,  short  length 
high  voltage  pulses  are  applied. 

Pulse  corona  discharge  process  provides  the  benefit  of  better  control  of  the 
process  and  lower  retrofit  cost  to  compare  with  electrostatic  precipitators.  The 
significant  advantage  of  corona  discharge  process  to  compare  with  electron  beam 
treatment  is  related  to  less  expensive  apparatus  needed  to  perform  this  process. 
The  high  voltage  generators  are  usually  simpler  and  cheaper  than  electron  accel¬ 
erators.  On  the  other  hand  the  high  power,  high  voltage  pulse  generators  with 
sufficient  electrical  efficiency  are  not  yet  commercially  available. 

An  even  more  important  fact  is  related  to  the  cost  of  implementation  of 
certain  technology.  Both  pulse  corona  discharge  and  electron  beam  methods 
were  found  to  be  competitive  to  conventional  S02/N0a;  removal  processes  [21]. 
Having  in  mind  the  best  experimental  results  achieved  in  pilot  plant  tests  with 
application  of  pulse  corona  discharge  and  electron  beam  treatment  the  power 
requirement  and  cost  estimates  were  performed  by  Penetrante  [22,  23].  In  ac¬ 
cordance  with  the  process  mechanism  discussed  in  chapter  3  the  main  part  of 
energy  provided  by  ionizing  radiation  is  consumed  by  NOa;  removal  process.  SO2 
is  mostly  removed  in  thermal  reaction  processes.  Therefore  the  comparison  of  the 
pollution  removal  processes  can  be  done  on  the  base  of  NOa;  removal  efficiency. 

The  best  value  of  specific  energy  consumption  for  NOa;  achieved  by  the  elec¬ 
tron  beam  process  is  found  to  be  14  eV/NOa:  molecule  whereas  the  same  value 
for  pulse  corona  discharge  process  is  50  eV/  NOa;  molecule.  This  experimental 
results  provide  necessary  information  to  calculate  the  total  energy  consumption 
for  S02/N0a:  removal  process  for  certain  initial  NO^  concentration.  It  was  found 
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that  for  350  ppm  of  NOa;  initial  concentration  the  power  requirements  for  elec¬ 
tron  beam  process  is  1.5%  of  the  total  power  output  of  the  plant  whereas  the 
same  value  for  pulse  corona  discharge  process  is  5.3%. 

The  experimental  data  are  based  on  laboratory  and  pilot  plant  tests  already 
performed.  At  the  moment  three  industrial  installations  for  EB  treatment  are 
under  construction/operation.  The  full  cost  and  process  cost  effectiveness  will 
be  known  in  the  year  2000.  As  soon  as  corona  discharge  industrial  plant  is 
constructed  the  final  comparison  could  be  done. 


6.  Laboratory  and  pilot  installations 
6.1.  Laboratory  installation  at  INCT 

A  laboratory  unit  with  a  gas  flow  capacity  of  up  to  400  Nm^/h  has  been  con¬ 
structed  at  the  INCT  [24].  The  composition  of  flue  gases  from  two  natural 
gas  fired  boilers  can  be  adjusted  by  the  dosage  of  different  gaseous  pollutants 
(SO2,  NOa;,  VOC).  An  irradiator,  accelerator  ILU-6  is  used  with  an  electron 
beam  energy  in  the  range  600  -  1000  keV.  The  installation  is  completed  with 
two  independent  microwave  generators.  This  allows  to  investigate  a  combined 
removal  concept  based  on  the  simultaneous  use  of  electron  beam  and  streams 
of  microwave  energy  to  produce  free  radicals  in  the  reaction  vessel  [25].  The 
simultaneous  use  of  the  electron  beam  and  microwave  energy  increase  the  total 
removal  efficiency  at  the  same  power  consumption  [26]. 

The  system  has  been  used  for  the  investigation  of  SO2  removal  from  off-gases 
with  high  SO2  concentration  (up  to  15%).  This  range  of  SO2  concentration  is 
observed  in  the  case  of  off-gases  emitted  in  the  processes  applied  in  the  copper 
industry  [27]. 

Flue  gas  with  high  SO2  content  can  be  effectively  cleaned  by  NH3  and  electron 
beam  treatment,  even  at  higher  than  optimal,  temperatures.  90-95%  of  the 
efficiency  the  SO2  removal  was  obtained  in  specific  conditions  (10  -  15%  SO2 
content).  The  ammonia  stoichiometry,  humidity  and  a  dose  up  to  7  kGy  have 
a  strong  influence  on  the  SO2  removal  efficiency.  The  product  formed  in  the 
process  is  ammonium  sulfate. 

The  other  problem  investigated  was  electron  beam  induced  destruction  of 
VOC.  A  very  resistant  to  radiation  benzene  vapor  was  investigated.  The  doses 
were  established  by  using  foil  (PCV)  dosimeters  in  accordance  with  the  standard 
procedures.  Simulated  gases  were  composed  of  air,  10%  water  vapor  and  two 
initial  concentrations  of  benzene  3.48  •  lO*®  g/cm^  and  3.5  •  10’*^  g/cm^.  A  large 
number  of  unidentified  organic  products  obtained  by  irradiation  was  detected 
by  gas  chromatography.  A  Perkin  Elmer  8700  gas  chromatography  was  used 
for  the  determination  of  radiolysis  products.  The  chromatography  was  equipped 
with  a  flame  ionization  detector  (FID)  and  a  capillary  column  of  12.5  m  in 
length.  Temperature  of  the  oven  was  kept  at  110^(7  (isothermal)  and  the  gas 
flow  was  40  ml  He/min.  These  conditions  assured  the  measurement  of  phenol 
with  an  accuracy  of  3.48  •  10“^^  g/cm^.  Phenol  constituted  the  main  product 
of  benzene  radiolysis.  The  removal  efficiency  amounted  to  ca.  45%  for  benzene 
under  the  dose  40  kGy.  The  relatively  low  efficiency  is  caused  by  exceptionally 
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high  resistivity  of  benzene  to  radiation. 

The  described  laboratory  installation  can  be  used  for  the  development  of 
new  electron  beam  based  processes  and  for  the  investigation  of  optimal  physico¬ 
chemical  parameters.  However,  this  unit,  and  other  units  of  this  size  used  in 
different  laboratories  all  over  the  world,  cannot  be  used  for  process  upscaling. 
Dimensions  of  laboratory  irradiation  chambers  do  not  allow  to  study  the  effect  of 
electron  (with  limited  range  of  penetration)  interaction  with  separate  fragments 
of  flue  gas  streams  flowing  inside  large  ducts.  Industrial  pilot  plants  (size  of 
20000  Nm^/h  and  bigger)  are  necessary  to  be  constructed  to  investigate  these 
phenomena. 


6.2.  Pilot  plant  at  EPS  Kaw§czyn 

Two  modern  pilot  plants  based  on  the  multistage  gas  irradiation  principle  were 
constructed  in  Poland  (INCT-EPS  Kaw^czyn)  [28]  and  in  Japan  (Ebara-JAERI- 
Chubu  Electric)  [29]  at  the  same  time.  The  first  pilot  plant  is  still  opera¬ 
tional  [30].  The  Polish  pilot  plant  was  constructed  at  the  Electropower  Station 
Kaw§czyn  [31].  It  was  installed  on  a  bypass  of  the  main  flue  gas  stream  from  a 
boiler  WP-120.  A  scheme  of  the  installation  is  given  in  Fig.  3.  Two  accelerators 
ELV-3a  (50  kW,  500  -  800  keV)  were  installed  in  series  on  the  reaction  vessel.  For 
the  first  time  in  an  industrial  pilot  installation,  a  cascade  double  gas  irradiation 
was  applied. 


FIG.  3.  Industrial  pilot  plant  for  flue  gas  treatment  at  EPS  Kaw§czyn. 

Flue  gases  are  cooled  down  in  a  spray  cooler  working  in  ”  dry-bottom”  condi¬ 
tions  and  then  irradiated  in  two  steps  in  the  reaction  vessel  which  is  a  cylinder 
7  m  long  and  1.6  m  in  diameter  [32].  The  double  window  system  was  employed, 
with  the  windows  made  of  50  /im  thick  titanium  foil.  An  ”air  curtain”  was  used 
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to  separate  the  secondary  window  from  the  corrosive  flue  gas.  Gaseous  ammonia 
is  injected  by  nozzles  upstream  of  the  flue  gas  irradiation.  Aerosols  formed  in 
the  process  (ammonium  sulfate  and  nitrate)  are  captured  in  filters.  The  par¬ 
ticles  formed  are  small  of  diameter  lower  than  1  fim  and  sticky.  Two  types  of 
filters  were  applied  -  a  bag  filter  and  a  gravel  bed  filter  [33,  34].  The  bag  filter 
consists  of  four  compartments  with  a  total  filtration  area  of  600  m^  (512  bags). 
An  ’’off  line”  regeneration  mode  was  used  (one  compartment  in  regeneration, 
three  others  in  operation).  The  bag  filter  system  is  equipped  with  two  lines  for 
filtration  aid  dosage.  One  of  them  could  be  used  for  precoating,  while  the  other 
one  allowed  the  introduction  of  additional  powder  during  the  continuous  oper¬ 
ation.  Another  system  for  filter  preheating  and  air  conditioning  was  designed 
and  applied.  Filter  walls  are  insulated  and  bottom  heated.  DiflFerent  types  of 
bag  fabrics  were  investigated  and  cages  construction  modified  to  obtain  good 
bag  regeneration  (cleaning  from  the  product).  The  continuous  30  day  test  of  the 
installation,  equipped  with  the  filter  described,  has  been  performed.  Very  high 
aerosol  removal  efficiencies  have  been  achieved  (over  99.8%).  However,  to  obtain 
the  stable  operation  of  the  filter  (constant  pressure  drop)  it  is  necessary  to  apply 
filtration  aid  (silica,  fly  ash,  dolomite  etc.)  and  to  keep  a  filter  temperature  in 
the  range  70  —  80® C. 

The  wet  gravel  bed  filter  was  designed  together  with  Forschungszentrum, 
Karlsruhe  where  this  type  (dry  and  wet)  of  equipment  was  developed  for  the 
process.  In  this  case  the  byproduct  (soluble)  can  be  easily  separated  from  fly- 
ash  (unsoluble).  The  off-line  cleaning  of  the  gravel  from  fly  ash  was  applied  in 
the  system.  The  experiments  have  proved  that  the  fly  ash  presence  in  the  flue 
gas  do  not  affect  SO2  and  NO^  removal  efficiency  (investigated  range  100  -  700 
mg  of  solid  particles/Nm^  at  the  inlet).  An  additional  SO2/NOX  removal  was 
obtained  in  the  wet  filter.  However,  the  product  in  this  case  is  obtained  in  the 
form  of  aqueous  solution  (liquid  fertilizer  or  crystallization).  The  concentration 
of  the  nitrogen  salts  cannot  be  higher  than  40%wt, 

The  pilot  plant  is  equipped  with  a  modern  monitoring  and  control  system 
[35,  36].  The  manual  sample  grab  methods  were  used  for  their  verification. 

The  first  experiments  were  performed  with  gas  humidity  of  7  -  8%  vol.  and 
its  temperature  (at  the  irradiation  vessel  inlet)  being  70  -  80®(7.  The  SO2  re¬ 
moval  efiiciencies,  depending  on  the  inlet  concentration,  were  70  -  90%,  while  the 
NOx  removal  efficiencies,  depending  on  the  dose,  process  parameters  and  inlet 
concentration,  were  70  -  90%. 

The  fact  that  the  NOx  removal  efiiciency  depends  mostly  on  the  dose  and, 
on  the  other  hand  SO2  is  mostly  removed  via  a  thermal  reaction,  impose  an 
interesting  observation  concerning  the  ammonia  consumption  in  both  reactions. 
The  thermal  reaction  efficiency  for  SO2  removal  decreases  with  temperature. 
Thus,  at  higher  temperatures  more  ammonia  (at  constant  stoichiometric  ratio) 
is  available  for  concurrence  of  NOx  reductive  processes.  However,  there  are  not 
the  only  phenomena  which  affect  the  process,  that  is  well  illustrated  by  the 
further  described  experiment  (the  influence  of  ammonia  stoichiometry).  SO2  is 
more  reactive  with  ammonia,  at  a  given  dose,  SO2  removal  efficiency  is  strongly 
dependent  on  ammonia  stoichiometry.  There  is  not  a  big  influence  of  ammonia 
stoichiometry  (at  a  given  dose)  on  NO  removal  efiiciency;  this  is  well  illustrated 
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by  the  fact  that  the  reaction  yields  (NO  reduction  and  oxidation  path  ways) 
depend  mostly  on  the  dose. 

The  first  set  of  experiments,  as  has  been  already  mentioned,  was  performed 
for  low  gas  humidity  and  at  rather  high  temperatures.  For  the  second  set  of  ex¬ 
periments  the  humidification  system  of  the  Kaw§czyn  pilot  plant  was  upgraded. 
The  high  enthalpy  water  was  used,  packing  was  introduced  into  the  column  and 
water  recirculation  was  applied.  The  humidity  of  flue  gases  can  be  increased  up 
to  15%  vol.  and  the  inlet  temperature  reduced  down  to  45^(7.  In  these  condi¬ 
tions  the  SO2  removal  efficiency  as  high  as  98%  can  be  achieved  (Fig.  4).  Due 
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Fig.  4.  Record  of  pilot  plant  parameters  during  continuous  operation. 

to  the  thermal  reaction  a  very  low  dose  is  required  to  obtain  a  high  removal 
efficiency.  It  is  important  to  note  that  an  adequate  dose  is  necessary  to  obtain 
the  oxidized  byproducts  (sulfate  and  nitrate).  In  the  case  when  a  moderate  NOa; 
removal  efficiency  is  required,  the  economical  competitiveness  of  the  EB  process 
with  conventional  technologies  further  increases. 

A  high  removal  efficiency  was  obtained  with  the  use  of  a  bag  filter.  The 
other  methods  of  filtration,  gravel  bed  [37]  and  wet  gravel  bed  filters  were  in¬ 
vestigated.  However,  all  these  experiments  proved  that  no  special  methods  of 
filtration  should  be  developed;  the  most  adequate  ones  are  already  offered  by 
equipment  manufactures  e.g.  dry  and  wet  ESP’s. 

The  most  important  problem  to  be  solved  in  the  upscaling  process  is  the  ir¬ 
radiation  vessel  construction.  In  the  Kaw§czyn’s  pilot  plant  longitudinal,  double 
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irradiation  of  the  flue  gases  has  been  applied. 

Because  of  the  limited  electrons  penetration  the  adequate  beam  energy  is 
required  [38].  A  marker  seen  on  the  photographs  presented  in  Fig.  5  has  been 
installed  in  the  horizontal  axis  of  the  irradiation  vessel.  The  glowing  ionized  gas 


FIG.  5.  Photographs  illustrating  electrons  penetration  range  (ionisation  plume). 

plum  only  in  the  case  of  electrons  energy  0.7  MeV  covers  the  whole  irradiation 
vessel  intersection.  The  losses  in  the  beam  energy  delivered  to  the  gas  consist 
of  two  components;  the  stopping  power  of  two  titanium  foil  windows  and  the 
air  in  the  gap  between  them  and  the  absorption  in  the  walls  of  the  irradiation 
chamber.  Of  course  losses  connected  with  gas  heat  dissipation  are  not  discussed 
here.  For  electrons  with  lower  energy  the  losses  of  power  in  the  windows  system 
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are  higher.  On  the  other  hand  for  higher  energy  electrons  the  energy  absorbed 
by  the  vessel  walls  (and  losses)  are  higher.  Therefore,  an  optimum  energy  of 
electrons  for  a  given  vessel  design  exists.  For  an  optimum  energy  the  highest 
NOx  removal  efficiency  can  be  achieved. 

The  improvement  of  removal  efficiency  due  to  the  limited  electron  penetra¬ 
tion  through  the  flowing  gas  can  be  achieved  by  a  multistage  irradiation.  The  gas 
mixing  between  irradiation  stages  is  favorable  for  the  process.  The  further  opti¬ 
mization  can  be  achieved  by  an  adequate  dose  distribution  between  irradiation 
stages  [39]. 

A  comparison  of  the  experimental  data  for  a  single-stage  and  two-stage  irra¬ 
diation  indicates  agreement  with  theoretical  assumption.  The  case  of  three-stage 
irradiation  concerns  only  the  data  theoretically  calculated  because  at  the  pilot 
plant  only  the  cases  of  single-stage  and  two-stage  irradiation  can  be  studied. 
A  deeper  analysis  of  the  multistage  process  of  the  flue  gases  exposition  by  an 
electron  beam  revealed  that  in  the  case  of  NO^  removal  a  non-uniform  power  dis¬ 
tribution  of  the  accelerators  at  the  successive  stages  will  provide  further  energy 
savings. 

An  optimal  distribution  of  the  electron  energy  dose  supplied  to  the  gas  has 
been  calculated  with  the  use  of  the  dependence  for  NO^  removal  after  its  two- 
stage  and  three-stage  exposition  by  an  electron  beam  of  a  given  energy.  The 
experiments  have  confirmed  theoretical  computations.  However,  the  energy  sav¬ 
ings  in  the  case  of  non  equal  stage  irradiation  are  not  so  significant  as  in  the  case 
of  the  substitution  of  the  single-stage  irradiation  by  the  two-stage  one. 


7.  Comparison  of  solutions  applied  in  different  pilot  plants 

Four  industrial  pilot  plants  for  the  flue  gases  from  coal  fired  boiler  have  been  built 
all  over  the  world  (Indianapolis,  USA;  Karlsruhe,  Germany;  Kaw§czyn,  Poland 
and  Nagoya,  Japan).  Most  of  the  technological  solutions  were  similar  and  the 
main  differences  concerned  the  irradiation  vessel  construction.  The  process  vessel 
applied  in  the  four  earlier  mentioned  cases  is  presented  in  Fig.  6  [40]. 

A  dose  distribution  must  be  considered  during  the  design  of  the  process  vessel. 
It  is  worth  mentioning  that  only  in  the  case  of  the  Polish  pilot  plant  the  longitu¬ 
dinal  gas  irradiation  was  applied  which  is  favorable  for  optimum  vessel  geometry 
solution.  The  dose  distribution  which  is  non  uniform  due  to  the  physical  proper¬ 
ties  of  electron  radiation,  is  the  reason  why  the  multistage  gas  irradiation  gives  a 
better  NOa;  removal  efficiency  in  comparison  with  a  single  step  process.  Mixing 
between  the  stages  causes  a  better  energy  distribution  to  volumes  control  of  the 
gas  flowing  through  the  vessel  [41].  A  similar  result  can  be  obtained  through 
both  sided  irradiation  which  was  proved  in  the  Nagoya  experiment  [42,  43]. 

A  comparison  of  the  SO2  and  NOa:  removal  efficiency  obtained  at  the  different 
pilot  plants  is  given  in  Fig.  7  and  Fig.  8.  The  tendencies  in  changes  of  the  curves 
representing  the  above  functions  are  similar;  differences  in  the  results  obtained 
were  connected  with  different  test  conditions. 

A  higher  removal  efficiency  of  NOa;  (at  least  at  higher  process  temperatures)  is 
observed  for  higher  SO2  inlet  concentrations  (at  a  given  dose).  The  phenomenon 
can  be  caused  by  the  NO2  (oxidized  NO)  absorption  in  sulfuric  acid  mist  (formed 
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FIG.  6.  Process  vessel  geometry  for  different  pilot  plans:  a)  Indianapolis,  b)  Karlsruhe,  c) 

Kaw§czyn,  d)  Nagoya. 


by  SO3  increased  concentration).  However,  this  phenomenon  was  not  proved  in 
another  experiment  [44].  It  is  important  to  mention  that  temperature  conditions 
in  the  second  case  were  quite  different  from  those  in  the  first  reported  case. 
However,  reports  from  Indianapolis,  USA  and  Badenwerk,  Germany  pilot  plants 
operation  noticed  a  similar,  as  the  EPS  Kaw§czyn  pilot,  positive  influence  of  the 
SO2  inlet  increased  concentration  on  the  NO^;  removal  efficiency  [41]. 

An  exemplary  composition  of  a  byproduct  for  the  coal  fired  boiler  flue  gases 
is  given  in  Table  3.  In  principle,  the  byproduct  with  a  small  fly  ash  content  (less 
then  2%)  is  equivalent  to  a  commercial  fertilizer  -  ammonium  sulfate.  The  gran¬ 
ulated  form  has  more  valuable  and  can  be  sold  at  higher  price,  so  dry  granulators 
are  proposed  for  the  byproduct  final  treatment. 

Table  3.  Byproduct  composition  (coal  fired  boilers),  wt  % 


Pilot  plany 

N  {total) 

NiNH^) 

NiNO^) 

S{total) 

mmoM 

Kaw§czyn 

19.5-21.6 

19.4-20.7 

0.74-1.9 

Badenwerk 

19.5 

19.4 

0.74 

25.5 

24.5 

mmsm 

NO^ 

50f 

Nagoya 

25.4 

5.45 

65.6 

NH4NO3 

{NHi)2S04 

Indianapolis 

5 

95 

Another  possibility  is  to  use  the  byproduct  as  a  component  of  the  NPK 
fertilizer.  A  test  performed  in  Poland  has  proved  that  a  blend  obtained  with 
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Fig.  7.  Nitrogen  oxides  removal  vs.  dose.  1  -  Indianapolis;  NO®  =  270-390  ppm,  SO2 
=800-1500  ppm,  Tout  =  80  —  85^^ (7,  Rnhs  =  0.8  1.17,  2  -  Badenwerk,  NO®  =  250-450  ppm, 

desulfurized  gaz,  T  =  70°C,  Rnh^  =  0.7  —  1.5,  3  -  Kaw§czyn,  NO®  =  150  ppm, 

SO2  =  300  ppm,  T  =  70°C',  Rnhs  ~  0.8,  4  -  Nagoya;  NOa:  ~  200  —  220  ppm,  SO2  “  650  —  950 

ppm.  Tout  =  63  -  72‘^C. 


FIG.  8.  Sulphur  dioxide  removal  vs.  dose.  1  -  Indianapolis;  802=800-1500  ppm, 

Tout  =  74  -  77°C,  RnH3  =  0.84  -  1.17,  2  -  Badenwerk,  SO2  =  300  ppm,  T  =  70°C,  Rnh^  =  1, 
H20=  7  -  12%,  3  -  Kaw§czyn,  SO2  =  1000  ppm,  T  =  70^C,  Rnh^  =  0.75,  H20=  5vol%, 

4  -  Nagoya;  SO2  =  700  —  850  ppm,  Tout  =  60  —  65°C. 

the  application  of  this  byproduct  meets  the  standards  established  for  this  kind 
of  fertilizers. 

Agriculture  tests  have  been  performed  with  a  pure  byproduct  and  a  byprod¬ 
uct  with  different  fly-ash  content.  Results  are  very  positive.  The  byproduct  was 
registered  as  a  fertilizer  in  Japanese  Fertilizer  Act  as  well. 
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The  content  of  heavy  metals,  e.g.  [ppm]: 

Pb  Cd  Cr  Hg  As 

<  5  0.5  -  0.6  1.24  0.025  -  0.05  0.025  -  0.39 

is  much  lower  than  the  values  allowable  for  commercial  fertilizers  which  are: 

As  -  50  ppm,  Cd  -  140  ppm,  Pb  -  140  ppm,  Hg  -  2  ppm. 

The  worldwide  consumption  of  ammonium  sulfate  is  estimated  to  be  approx¬ 
imately  15  million  tons/year;  in  the  US  -  2  million  tons/year.  It  is  interesting  to 
note  that  the  demand  for  fertilizers  containing  sulfur  will  increase  in  the  future. 

Researchers  used  to  believe  that  S  deficiencies  could  not  exist  in  the  industrial 
countries  and,  as  a  result,  few  scientists  conducted  research  on  the  S  nutrition 
of  arable  crops.  Special  attention  needs  to  be  given  to  Brassica  crops  because  of 
their  considerable  importance  for  agriculture  in  the  northern  Europe  and  their 
high  demand  for  S.  The  reason  for  increasing  S  deficiency  symptoms  in  Brassica 
species  is  based  predominantly  on  the  significant  reduction  of  atmospheric  S 
deposition  to  agricultural  ecosystems  during  the  last  decade.  The  reduction 
of  the  S  supply  has  also  caused  increased  ecological  problems  because  of  the 
reduction  of  fertilizer  N  efficiency  in  S-deficient  crops,  resulting  in  increased 
leaching  of  nitrate  into  groundwater  and  probably  increased  accumulation  of 
surface  ozone  [43]. 


8.  Industrial  projects 

Three  industrial  projects  are  under  development  (China,  Japan,  Poland).  The 
others  are  planed,  for  example  in  the  US  [45].  The  last  project  will  apply  a 
modern  technology  based  upon  the  high-power  transformer  accelerator  (HPTA) . 

Ebara  Corporation,  Japan  constructed  an  electron  beam  desulfurization  plant 
at  Seito  Electrical  Plant,  Sichuan  Electric  Power  Administration  [46].  The  in¬ 
stallation  treats  flue  gases  from  a  100  MW  coal  (2%  S)  fired  boiler.  Flue  gas 
throughput  is  300000  Nm^/h  and  is  treated  with  a  3.2  kGy  dose,  assuring  the 
80%  SO2  and  10%  NOa;  removal.  The  inlet  concentrations  of  SO2  are  2000  ppm. 
Two  sets  of  accelerators,  800  keV  and  400  mA,  are  applied.  The  byproduct 
fertilizer  production  rate  is  approximately  2470  kg/h. 

A  construction  of  another  plant  has  started  in  Nishi-Nagoya  Thermal  Power 
Plant  which  belongs  to  Chubu  Electric  Power  Company,  Inc.  The  installation 
will  treat  620000  Nm^/h  flue  gases  emitted  from  a  220  MWe  boiler  [46]. 

The  experience  gathered  during  laboratory  and  pilot  plant  tests  has  allowed 
the  preparation  of  a  full  scale  industrial  plant  design.  The  plant  will  be  built  in 
the  Electropower  Station  Pomorzany  (’’Dolna  Odra”  Group).  The  flow  rate  of 
the  gas  will  be  270  000  Nm^/h  [475].  The  flue  gas  purification  will  treat  flue  gases 
from  the  block  which  consists  of  two  Benson  type  boilers  of  power  56  MWe  each 
supplying  additional  steam  for  heating  purposes  up  to  40  MW  each.  The  boilers 
will  be  reconstructed  during  the  flue  gas  treatment  plant  construction,  to  reach 
the  power  of  60  MWg  and  100  MWth  each.  The  annual  operating  time  is  6500 
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FIG.  9.  Scheme  of  industrial  plant  at  EPS  Pomorzany,  Szczecin. 


h/year  of  equivalent  to  full- load  operation.  A  scheme  of  the  industrial  electron 
beam  plant  is  presented  in  Fig.  9.  The  boilers  fire  pulverized  bituminous  coal 
that  has  the  following  characteristics:  caloric  value  22820  kJ/kg,  sulfur  content 
0.72  -  0.8%,  ash  content  21.8%,  moisture  content  7.8%.  The  boilers  are  equipped 
with  modern  four  zone  electrostatic  precipitators  with  a  fly-ash  removal  efficiency 
of  99.8%.  The  emission  of  SO2  and  NO^;  has  to  meet  the  Polish  standards  which 
will  be  870  g/GJ  and  170  g/GJ,  respectively.  The  local  ambient  air  standards 
must  be  observed  as  well.  The  guaranteed  removal  efficiency  must  be  equal  to  a 
minimum  of  80%  for  NO^;  and  70%  for  SO2.  However,  the  efficiencies  possible  to 
obtain  are  80  and  95%,  respectively.  This  range  allows  to  operate  the  installation 
at  a  quite  high  (over  100°  C7)  stack  temperature. 

The  ffue  gas  will  be  humidified  up  to  10%  by  volume,  in  a  dry  bottom  spray 
cooler.  Then  ammonia  will  be  injected  before  two  parallel  irradiation  vessels 
equipped  with  two  300  kW,  800  kV  accelerators  installed  in  the  series  (Kaw§czyn 
pilot  plant’s  solution).  The  longitudinal  gas  irradiation  will  be  applied.  The  fi¬ 
nally  formed  aerosol  will  be  collected  in  a  dry  ESP  with  a  flat  heated  bottom 
furnished  in  the  scraping  device.  The  manufacturers  guarantee  a  high  removal  ef¬ 
ficiency  (particulate  at  the  outlet  less  than  20  mg/Nm^)  and  corrosion  resistivity 
of  the  equipment.  The  product  will  be  granulated. 

The  ammonia  consumption  is  estimated  to  be  180  -  200  kg/h  and  the  byprod- 
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uct  yield  ca.  800  kg/h.  High  power  accelerators  have  to  be  applied  in  such  big 
systems  [48].  Two  accelerators  2  x  2  x  300  kW  (two  HVS  plus  two  heads  each) 
with  800  keV  electrons  energy  will  be  applied. 


9.  Conclusions 

The  tests  performed  on  laboratory  installations  and  pilot  plants  resulted  in  the 
preparation  of  industrial  plants  design.  All  the  technical  and  economical  analy¬ 
ses  proved  the  advantages  of  this  technology  over  the  conventional  technologies 
nowadays  used.  The  designed  flue  gas  treatment  plant  with  the  1.2  MW  beam 
power  will  be  one  of  the  biggest  radiation  processing  unit  in  the  world. 
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Here  is  given  a  review  of  experimental  and  theoretical  investigations  of  isotope  sepaxation 
processes  in  different  plasma  separation  devices:  plasma  centrifuges,  RF-systems  with  traveling 
magnetic  field,  DC  arc  discharges,  nonequilibrum  plasmachemical  reactions  (diffusion  methods), 
and  also  in  ICR-installations,  performing  isotopically  selective  ion-cyclotron  resonance  heating 
of  the  target  component  in  magnetized  collisionless  plasma  (selective  collisionless  method).  Ap¬ 
plied  to  separation  installations,  with  the  use  of  diffusion  processes,  various  cardinal  mechanisms 
are  considered,  leading  to  separation  phenomena  in  plasma:  centrifuging,  thermodiffusion,  ion 
wind,  difference  of  isotope  ionization  degree,  etc.  Comparison  is  performed  with  the  results 
of  experiments.  Problems  of  metal  isotope  separation  by  method  of  isotopically  selective  ion 
cyclotron  resonance  (ICR)  are  considered.  Estimations  of  energetic  consumption  in  all  plasma 
methods  of  isotope  separation  and  possibility  of  their  industrial  use  are  given. 


1.  Introduction 

Existing  industrial  methods  of  stable  isotope  separation  (ionic  exchange,  gas 
centrifuges,  electromagnetic  separators)  do  not  meet  all  demands  of  societies 
(nuclear  industry,  medicine,  fundamental  physics).  Usage  of  gas  centrifuges  for 
separation  of  stable  isotopes  is  limited  to  elements  which  have  gaseous  com¬ 
pounds.  A  universal  electromagnetic  method  is  not  cheap  or  productive  enough. 
The  investigation  and  development  of  new  methods  of  stable  isotope  separation 
are  required  not  only  by  necessity  of  increasing  of  volume  and  extension  of  vari¬ 
ety  of  isotopic  production,  but  in  some  cases  by  increased  ecology  requirements. 
All  this  has  gaven  an  impetus  to  development  of  alternative  methods  of  isotope 
separation  and,  particularly,  of  plasma  methods.  Below  a  review  is  given  of 
the  most  important  results  of  investigations  of  separation  of  stable  isotopes  in 
plasma:  1)  in  plasma  centrifuges,  2)  in  plasma  of  RF  discharge  with  traveling 
magnetic  field,  3)  in  DC  arc  discharge,  4)  in  nonequilibrum  plasmachemical  reac¬ 
tions  in  glow  and  microwave  discharges,  5)  at  isotopically  selective  ion-cyclotron 
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resonance  (ICR)  heating.  The  first  four  separation  processes  listed  above  are 
principally  collisional  processes,  having  diffusional  character,  and  only  the  last 
one  (ICR-method)  is  purely  collisionless  process  of  heating  (acceleration)  of  the 
target  isotope  in  a  flow  of  low-temperature  plasma.  Several  reviews  on  isotope 
separation  by  plasma  methods  are  already  known,  and  among  them  the  review 
on  SPLG-2  [1],  a  book,  issued  in  Russia  in  the  series  ’’Science  results”  [2],  as  well 
as  the  report  on  SPLG-4  [3]  are  worth  to  mentioning. 


2.  Plasma  centrifuges 


In  the  70  s  and  of  the  beginning  of  the  80  s  a  widespread  attention  of  specialists 
was  attracted  to  the  idea  of  usage  of  rotating  plasma  for  isotope  separation  [4  - 
20].  The  possibility  of  achievement  of  high  velocities  of  rotation  of  ionized  gas 
(is  tens  times  higher  than  in  mechanical  centrifuge)  gave  hope  for  realization  of 
high  productivity  and  high  separation  coefficients  in  one  stage.  Attractive,  of 
course,  was  the  simplicity  of  construction  and  the  absence  of  mechanical  moving 
parts.  The  rotation  of  ionized  gas  mixture  is  performed  by  means  of  interac¬ 
tion  of  radial  electric  current  Ir  and  axial  magnetic  field  Bz^  The  separation  of 
isotopes  in  rotating  plasma  was  undertaken  both  in  continuous,  and  in  pulsed 
devices.  However  the  most  complete  physical  results  on  isotope  separation  had 
been  obtained  in  pulsed  installations,  which  made  it  possible  to  realize  signif¬ 
icant  energy  inputs  by  relatively  simple  means  and  to  reduce  requirements  to 
heat  resistance  of  construction  materials.  Redistribution  of  pressure  in  rotating 
mixture  is  described  by  the  following  relation: 

(2.1)  P(R2)  =  P{Ri)expJ^^ 

where  -  velocity  of  plasma  rotation,  T  -  temperature  of  the  mixture,  R2 
and  Ri  are  radii  of  the  outer  and  inner  electrodes,  fh  -  mean  mass  of  atoms,  k 
-  Boltzmann  constant.  The  separation  coefficient  a  for  binary  mixture  of  the 
isotopes  in  the  centrifuge  is  defined  as  a  ratio  of  relative  concentrations  C  of  the 
target  isotope  in  peripheral  and  axial  regions 


(2.2) 


j  rR^  AmV^ 
[jRi  rkT 


5 


where  Am  -  mass  difference  of  the  isotopes.  Prom  the  relation  (2.2)  it  is  seen  that 
the  separation  coefficient  a  is  rapidly  diminishing  with  temperature,  therefore  a 
relatively  cold  plasma  must  be  more  preferable  for  performing  the  isotope  sepa¬ 
ration  process  [6].  The  layout  of  the  pulsed  partially  ionized  plasma  centrifuge, 
used  in  the  Kurchatov  Institute  [10,  11,  21]  is  shown  in  Fig.  1. 

A  cylindrical  chamber  of  full  length  40  cm  or  60  cm  and  inner  diameter 
25  cm  had  insulators  on  each  side.  Quasi-stationary  longitudinal  magnetic  field 
Bz  »  0.04  -  0.6  T  was  created  by  coils.  Maximum  power,  dissipated  in  discharge 
reached  1  MW.  Duration  of  discharge  current  was  6  ms.  For  taking  gas  samples 
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FIG.  1,  Layout  of  the  pulsed  plasma  centrifuge 


at  different  areas  of  discharge  and  for  estimation  gas  pressure  in  various  moments 
of  the  current  pulse  a  high-speed  (0.15  ms)  valve  was  used.  In  experiments  with 
the  use  of  different  noble  gases  it  was  found  that  in  a  discharge  at  high  velocities 
of  gas  rotation  a  radial  pressure  gradient  is  established  which  increases  rapidly 
with  the  atomic  mass  (see  Table  1). 

Table  1. 


Gas 

He 

Ne 

Ha  +  Ne 
mixture 

Xe 

P{R2)/P{Ri) 

3 

30 

3000 

Ne  density 

400 

These  results  confirm  the  redistribution  of  pressure  under  influence  of  cen¬ 
trifugal  force,  resulted  from  relation  (2,1).  Radial  separation  coefficients  a  for 
isotopes  H-D,  ^He-^He,  ^^Ne  -  ^^Ne,  ^^^Xe  -  ^^^Xe  in  a  discharge  in  each  gas  and 
also  in  mixture  with  hydrogen  are  presented  in  Table  2, 

l^ble  2. 


Mixture 

Separation 
factor  a 

Ha -Da 

25 

6 

1.2 

1.5 

1.1 

1.25 

For  plasma  parameters,  achieved  in  [10,  11,  13,  21],  the  observed  separa¬ 
tion  coefficient  of  isotopic  mixtures  (Table  2)  is  of  the  same  order  as  a  radial 
centrifugal  effect,  calculated  from  the  relation  (2.2).  It  is  also  obviously  that 
the  increase  of  separation  coefficient  of  isotopic  mixtures  in  discharges  with  ad¬ 
dition  of  hydrogen  (Table  2)  can  be  explained  by  the  decrease  of  ionized  gas 
temperature  due  to  higher  value  of  thermal  conductivity  of  a  lighter  component 
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(H2).  Electromagnetic  force,  resulting  in  rotation  in  partially  ionized  plasma 
centrifuge,  is  equilibrated  by  viscous  friction  of  gas  with  a  side  surface  of  the 
discharge  chamber,  and  heating  of  plasma  due  to  viscous  losses  becomes  deter¬ 
mining  with  the  increase  of  rotation  velocity.  The  temperature  of  rotating  gas 
becomes  proportional  to  its  squared  rotation  velocity.  This  proportionality  in 
fact  limits  the  maximum  coefficient  of  isotope  separation  in  plasma  centrifuge 
[14].  For  a  monoatomic  gas  this  limiting  separation  coefficient  depends  only  on 
atomic  weight  [15]  and  it  is  small  enough  in  centrifuge  for  elements  with  medium 
and  heavy  mass 

(2.3)  O^lim  (  yi  ■  )  • 

V  4  m  J 

In  this  context  experiments  with  addition  of  light  gases  (H2)  in  isotopic  mix¬ 
ture  to  be  separated  [7,  11,  21]  represent  an  attempt  to  partially  overcome  the 
limit  [14],  which  is  set  by  viscous  losses  in  the  rotating  gas.  From  the  relation 
(2.3)  it  is  seen,  that  plasma  centrifuge  is  more  appropriate  for  separation  of  the 
light  gases  than  for  heavy  elements.  Experiments  were  actively  carried  out  with 
so-called  vacuum  arc  centrifuge,  in  which  a  cloud  of  metal  vapour  was  created  in 
the  working  chamber  from  the  surface  of  the  electrode  by  a  laser  radiation  pulse 
[16].  After  putting  plasma  into  rotation  by  pulsed  current  in  the  short  discWge 
zone,  the  rotating  plasma  column  freely  flowed  in  longitudinal  magnetic  field  to 
the  opposite  end  of  the  chamber.  As  being  cleaned  from  neutral  gas,  the  flow 
gained  high  ionization  degree,  and  therefore  was  regarded  as  a  rotating  highly 
ionized  plasma.  It  must  be  taken  into  account  that  the  main  period  of  prepa¬ 
ration  and  acceleration  of  the  plasma  by  current  pulse  in  such  installations  was 
carried  out  similarly  to  the  described  above  pulsed  plasma  centrifuges,  and,  as 
a  result  of  this,  isotope  separation  effect  also  did  not  exceed  20%  (®^Cu  -  ^^Cu: 
a  =  1.18,  ^^Mg  -  ^'^Mg:  a  =  1.15).  Investigations  in  this  field  were  continued 
by  several  groups  [22,  23].  Some  progress  in  plasma  rotation  speed  was  achieved 
by  [24,  25].  Nevertheless,  no  significant  results  in  isotope  separation  have  been 
achieved  so  far.  Investigations  of  isotope  separation  in  steady-state  plasma  cen¬ 
trifuges  confirmed  the  result,  that  separation  coefficient  of  isotopes  achieved  in 
one  stage  is  rather  small  and  it  increases  with  the  decrease  of  mass.  Steady-state 
rotating  plasma  was  created  in  Kurchatov  Institute  [12, 17]  in  the  working  cham¬ 
ber  with  heated  walls  (T  >  1100^  K),  which  also  allows  to  use  lithium  vapours  in 
experiments.  In  all  experiments  the  longitudinal  separation  effect  was  observed, 
while  the  near  cathode  area  was  enriched  by  heavy  isotopes.  The  results  ob¬ 
tained  in  [12,  17]  testify  the  existence  of  circular  flows  in  the  discharge  chamber 
volume  which  transform  the  radial  centrifugal  effect  of  isotope  separation  into 
longitudinal  one.  An  attempts  were  also  made  to  realize  separation  of  uranium 
isotopes  in  a  steady-state  plasma  centrifuge  [18,  19,  20]. 


3.  Isotope  separation  in  RF  discharge  with  travelling  magnetic  field 

Isotope  separation  in  positive  column  of  RF  discharge  with  traveling  magnetic 
field  is  described  in  a  series  of  works  [26  -  33].  The  layout  of  one  of  the  installa- 
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heavier  Isotopes  ^  light  isotopes 


FIG.  2.  Layout  of  the  instaUation  with  traveling  magnetic  field. 


tions,  operated  at  the  Kurchatov  Institute,  is  presented  in  Fig.  2. 

The  discharge  was  initiated  in  a  water-cooled  quartz  chamber  which  was 
110  cm  in  length  and  6.5  cm  in  diameter.  The  wave  phase  velocity  Vph^  obtained 
with  the  use  of  a  90  cm  delay  line  was  (5  —  9)  •  10®  cm/s.  RF  generator  up  to 
15  kW  power  operated  on  frequency  100  -  460  kHz.  The  used  gases  were  of  Ne, 
Kr,  Xe  and  their  mixtures  at  pressures  from  2- 10“^  Torr  to  2  Torr.  A  longitudinal 
separation  effect  was  observed:  the  gas  was  enriched  by  heavy  isotopes  at  the 
end  of  the  delay  line  (Pi)  and  by  light  isotopes  at  the  beginning  of  the  delay  line 
(Po).  In  RF  discharge  of  such  type  the  gas  pressure  at  the  end  of  the  delay  line 
Pi  always  exceeded  the  pressure  Pq  at  the  beginning  of  the  delay  line:  Pi  >  Pq, 
with  value  of  Zn(Pi/Po)  dependent  on  the  power  dissipated  in  plasma  and  from 
initial  pressure  of  the  gas  P.  The  value  of  ln{Pi/p0)  is  changed  in  experiments 
from  1  to  5.  For  isotopic  mixture  ^^^Xe-^®®Xe  separation  coefficient  up  to  1.3 
(enrichment  coefficient  sxe  ^  30%)  was  achieved. 

Measured  values  of  the  enrichment  coefficient  sxe  reduced  to  one  unit  of  mass 
difference  A/i  =  1  in  dependence  on  initial  gas  pressure  P  are  presented  by  black 
squares  in  Fig.  3.  Effects  of  longitudinal  isotope  separation  observed  experimen¬ 
tally  in  RF  discharge  with  a  traveling  wave  can  be  explained  by  several  physical 
processes,  realized  in  the  positive  column.  At  initial  pressures  higher  than  10“^ 
Torr  the  separation  effect  is  determined,  principally,  by  ordinary  thermodiffu¬ 
sion  in  the  neutral  gas  of  RF  discharge:  radial  thermo  diffusion  effect  transforms 
into  longitudinal  effect  of  isotope  separation  due  to  forced  convection,  caused 
by  the  radial  nonuniformity  of  the  electromagnetic  force  of  the  traveling  wave. 
The  second  process,  which  can  lead  to  the  longitudinal  isotope  separation  in  the 
plasma  of  RF-discharge  is  a  friction  forces,  influencing  the  neutral  component 
of  the  isotopic  mixture  from  the  ion  flow  (ion  wind)  with  predominant  transfer 
of  momentum  to  heavier  particles  in  binary  elastic  ion-neutral  collisions.  This 
process  resembles  mass-diffusion  effect  of  isotope  separation  [34,  35,  36].  But 
as  it  is  seen  from  Fig.  3,  this  effect  has  an  insignificant  role  in  experiment  due 
to  the  low  density  of  the  ionic  current,  excited  by  the  traveling  wave.  At  low 
initial  pressures  (P  =  10“^  —  10“^  Torr)  large  pressure  ratios  Pi/Pq  are  realized, 
reaching  in  this  experiment  the  value  of  about  30.  Under  these  conditions  in 
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FIG.  3.  Dependence  of  the  enrichment  coefficient  £xe  from  initial  pressure  P  ([32]). 


most  part  of  the  working  chamber  a  low  pressure  of  neutral  gas  is  maintained, 
when  the  length  of  the  free  path  of  the  particles  is  comparable  or  higher  than 
transverse  dimensions  of  the  vessel.  A  flow  of  neutral  atoms  from  zone  of  high 
pressure,  supported  by  ion  transfer,  results  in  the  occurrence  of  usual  mecha¬ 
nism  of  so-called  Knudsen  diffusion  and  in  enriching  by  heavy  isotope  the  zone 
of  higher  pressure  with  enrichment  coefficient  proportional  to  the  logarithm  of 
pressures  ratio 


(3.4) 


e  = 


A 

Po' 


The  dependence  (3.4)  is  shown  in  Fig.  3  by  the  dashed  line.  The  mechanism 
of  Knudsen  diffusion  is  not  sufficient  for  explanation  of  the  observed  separation 
effect  at  low  pressures  (Fig.  3).  That  is  why  one  more  mechanism  of  isotope 
separation,  which  is  caused  by  increased  degree  of  ionization  /?  of  heavy  isotopes 
relative  to  ionization  degree  of  light  isotopes  in  the  positive  column  of  RF  dis¬ 
charge  [37]  is  considered.  This  difference  in  ionization  degrees  A/3  is  determined 
by  radial  ambipolar  diffusion  in  plasma  column,  when  light  isotopes,  having 
higher  mobility,  recombinate  on  the  camera  walls  faster.  Longitudinal  transfer 
of  ions  (cataphoresis),  due  to  the  difference  in  ionization  degrees  of  isotopes  in 
plasma,  results  in  an  additional  enrichment  effect  in  longitudinal  direction  with 
Scat  ^  •  ^?^(Pi/Po)-  In  the  Knudsen  regime  the  ions  did  not  collide  with 

neutral  atoms,  and  their  rate  of  recombination  is  determined  only  by  the  fre¬ 
quency  of  collisions  with  the  walls.  This  also  leads  to  the  relative  difference  in 
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ionization  degrees  of  isotopes  A/3//?  =  A/i/2/i.  In  this  case  the  dependence  of 
the  longitudinal  separation  effect,  caused  by  a  difference  in  ionization  degree  of 
isotopical  ions,  on  the  logarithm  of  pressure  ratio,  is  the  same  as  (4),  and  overall 
separation  effect  is  shown  for  the  low  pressure  region  by  continuous  line  (Fig.  3). 


4.  Isotope  separation  in  DC  arc  discharge 

The  first  successful  work  in  such  a  system  was  presented  in  [38]:  the  mixture 
^^Ne-^^Ne  had  been  separated  in  DC  discharge  with  current  5  A,  initial  pressure  3 
Torr  and  with  the  length  of  the  water-cooled  capillary  10  cm  tube.  Longitudinal 
separation  coefficient  a  for  Ne  isotopes  reached  a  =  1.45.  The  mass  diffusion 
mechanism  caused  by  friction  forces  of  ionic  wind  was  proposed  to  explain  the 
separation  effect.  Later  these  experiments  were  continued  on  isotopes  of  Ne,  Kr, 
Xe  and  also  on  their  mixtures  [39,  40,  41,  42].  Experimental  installation  does 
not  differ  significantly  from  that  realized  in  [38],  and  its  layout  is  presented  in 
Fig.  4.  DC  discharge  was  initiated  in  a  water-cooled  100  -190  mm  quartz  tube 


FIG.  4.  Layout  of  the  installation  with  DC  discharge  [40]. 

of  a  diameter  3-9  mm.  Discharge  current  was  5  -  10  A,  initial  pressure  of  gas 
(Ne,  Kr,  Xe  and  their  mixtures)  1-10  Torr.  Gas  pressure  P  near  the  anode  is 
higher  than  near  the  cathode  Pa  >  Pc-  Longitudinal  isotope  separation  effect 
is  observed,  cathode  zone  is  enriched  by  heavy  isotopes. 

The  value  of  enrichment  coefficient  e  is  proportional  to  the  discharge  current 
/,  to  the  length  of  the  narrow  part  of  the  discharge  tube  1  and  inversely  pro¬ 
portional  to  the  cross  section  area  of  discharge:  e  ^  The  dependence  of  the 
enrichment  coefficient  e  for  Kr  isotopes  reduced  to  one  unit  of  mass  difference 
[40]  on  the  initial  pressure  value  in  the  discharge  chamber  is  presented  in  Fig,  5. 
The  same  mass-diffusion  mechanism  (ionic  wind)  as  in  the  work  of  [38],  was 
considered  to  understand  these  experiments  [43].  The  result  of  contribution  of 
this  effect  into  the  experimentally  observed  on  shown  in  Fig.  5.  It  seems  that 
the  contribution  of  the  difference  of  ionization  degrees  of  isotopes  in  the  positive 
column  [43]  is  not  less  significant.  The  relation  between  these  two  principal  pro¬ 
cesses  in  real  conditions  of  the  DC  discharge  are  considered  in  the  recent  works 
of  [42]. 

In  experiments  with  DC  discharge,  placed  into  longitudinal  magnetic  field  up 
to  0.1  T  an  attempt  was  made  [40,  44]  to  influence  on  created  in  discharge  the 
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FIG.  5,  Dependence  of  the  enrichment  coefficient  Kr  isotopes  in  DC  discharge  on  the  initial 

pressure. 


longitudinal  pressure  differences  and  find  out  in  experimentally  what  the  role  of 
the  pressure  difference  in  DC  discharge  on  isotope  separation  process.  Magnetic 
field  results  in  significant  diminishing  of  the  pressure  difference,  but  does  not 
have  influence  on  the  separation  effect  in  DC  discharge  (Fig.  6).  This  indicates 
that  multiplication  of  the  radial  effect  (for  example,  thermodiffusion)  can  not 
have  a  significant  influence  on  the  observed  longitudinal  separation  of  isotopes. 


5.  Isotope  separation  in  nonequilibrum  plasmachemical  reactions  in  glow  and 

microwave  discharges 


The  principle  idea  lies  in  the  usage  of  nonequilibrum  vibration- vibrational  (V-V) 
energy  exchange  in  a  gas  of  two- atomic  molecules,  when  vibrational  and  transi¬ 
tional  temperatures  are  not  equal  [45].  The  proposal  refers  first  to  two-atomic 
CO  and  N2  molecules.  Nonequilibrum  vibrational  excitation  is  performed  either 
with  the  use  of  laser  radiation,  or  by  electron  impact  in  gas  discharge  plasma. 
At  collisions  of  such  excited  molecules,  predominant  transfer  of  the  quanta  of  the 
vibrational  energy  from  molecules  with  light  isotope  to  molecules  with 

heavy  isotope  takes  place,  and  therefore  vibrationally  excited  states  of 

molecules  with  heavy  isotope  become  overpopulated.  It  can  be  expected  that 
the  molecules  with  heavier  isotopes,  having  higher  vibrational  energy,  can  pre¬ 
dominantly  react  with  the  formation  of  chemical  products,  enriched  with  heavier 
isotope. 
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FIG.  6.  Dependence  of  enrichment  coefficient  of  Kr  isotopes  and  of  pressure  difference  on  the 

value  of  longitudinal  magnetic  field. 


Conditions  of  the  different  vibrational  and  transitional  temperatures  can  be 
realized  in  cold  glow  discharges.  Enrichment  of  nitrogen  monoxide  NO  by  isotope 

in  reaction  products  of  the  glow  discharge  in  air  with  separation  coefficient 
a  =  20  was  reported  by  N.  Basov  et  al.,  1974  [45].  The  same  authors  obtained 
enrichment  in  NO  by  ^^N  up  to  a  =  130  with  cooling  of  the  walls  of  the  discharge 
chamber  by  liquid  nitrogen  [46]. 

Such  high  results  were  not  confirmed  in  experiments  of  other  groups  [47,  48] 
where  the  value  a  for  isotope  ^^N  was  only  1.05  -  1.2,  The  authors  [47,48] 
connected  the  observed  in  [46,  49]  enrichment  effects  with  the  mistakes  at  mass- 
spectroscopy  analysis  of  NO. 

The  excitation  of  CO  molecules  for  producing  nonequilibrum  plasmachemical 
reactions  was  carried  out  by  optical  way  [50,  51]  and  by  electron  impact  in  the 
glow  discharge  [52].  But  in  the  final  chemical  products  of  the  CO  dissociation 
(CC2O2  and  CO2)  enrichment  by  isotope  ^^C  was  practically  absent  (a  «  1.15). 

Despite  the  fact  that  experiments  on  two-atomic  molecules  CO  and  N2  did 
not  give  positive  results  on  enrichment  of  the  products  of  nonequilibrum  plasma- 
chemical  reactions  by  heavy  isotopes  ^^C  and  ^^N,  interest  in  these  investigations 
was  aroused  by  the  series  of  works,  where  high  enrichment  by  carbon  ^^C  in  the 
products  of  dissociation  of  three-atomic  molecules  CO2  was  experimentally  ob¬ 
served  [53,  54]. 

In  the  works  [53,  54]  the  dissociation  of  CO2  was  performed  in  a  microwave 
(2.4  GHz)  plasmachemical  reactor.  In  the  region  of  high  energy  inputs  into 
plasma  (~  7  J/cm^)  these  authors  observed  that  the  value  of  conversion  of 
molecules  ^^C^^02  is  2.5  times  higher  than  the  value  of  conversion  of  molecules 

In  the  next  work  the  same  group  of  authors  [54]  reported  spectacular  iso¬ 
topic  effects  not  only  in  the  process  of  the  dissociation  of  CO2  in  the  microwave 
discharge,  but  also  at  the  excitation  and  dissociation  of  CO2  in  glow  discharges. 
Without  going  into  mechanisms,  by  which  the  authors  [53,  54]  try  to  explain 
the  observed  large  isotopic  effects  in  conditions  described  above,  let  us  note  that 
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such  a  significant  enrichment  by  of  the  products  of  dissociation  of  CO2  in  the 
microwave  discharge  and  such  a  depletion  by  of  the  products  of  dissociation 
of  CO2  in  the  glow  discharge  were  not  confirmed  in  the  investigations  at  the 
Kurchatov  Institute  [55]. 

The  dissociation  of  CO2  in  the  microwave  discharge  with  the  purpose  of 
observation  isotopic  effects  in  the  products  of  dissociation  was  also  carried  out 
at  the  Tokyo  Institute  of  Technology  [67],  and  in  much  more  wider  range  of 
energy  inputs  and  initial  pressures,  than  in  [53,  54,  38].  These  investigations,  as 
well  as  investigations  made  by  [58],  did  not  reveal  any  noticeable  isotopic  effects 
at  dissociation  of  CO2  molecule  in  microwave  discharge. 

Taking  into  account  earlier  vain  efforts  to  observe  isotopic  effects  on  two- 
atomic  molecules  CO  and  N2  [47,  48,  59]  in  dissociation  products  of  nonequili- 
brum  plasmachemical  reactions,  it  must  be  accepted  that  nowadays  chances  of 
obtaining  noticeable  isotopic  effects  are  very  poor  at  dissociation  of  such  com¬ 
plicated  (also  from  vibrational  point  of  view)  three- atomic  molecule  as  CO2.  It 
must  be  taken  into  account  that  in  the  discharge  conditions  a  high  rate  of  ex¬ 
change  isotopic  reactions  must  exist.  This  leads  to  diminishing  of  the  isotope 
separation  eflfect  in  the  dissociation  products. 


6.  Isotope  separation  with  the  use  of  isotopically  selective  ion  cyclotron  heating 

Method  of  isotope  separation,  by  means  of  isotopically  selective  ion  cyclotron 
resonance  (ICR)  heating,  has  a  particular  place  in  the  series  of  plasma  methods 
of  isotope  separation,  since  it  can  provide  a  product  with  high  degree  of  enrich¬ 
ment  in  one-stage  process.  Contrary  to  the  described  above  plasma  methods  of 
separation,  which  are  defined  principally  by  collisional  processes  (diffusion,  ion 
wind,  V-V  exchange  etc.),  the  ICR  method  of  separation  is  collisionless. 

In  this  method  the  following  operations  are  performed  consequently:  1)  ion¬ 
ization  of  vapour  of  the  element,  whose  isotopes  are  to  be  separated,  and  genera¬ 
tion  of  plasma  flow  along  the  uniform  magnetic  field;  2)  selective  ICR  heating  of 
ions  of  the  extracted  isotope;  3)  deposition  of  the  heated  particles  on  collectors. 

Isotope  effects  in  the  ICR  resonance  were  observed  experimentally  by  [60], 
and  proposals  of  ICR  heating  for  isotope  separation  had  been  made  by  [61].  First 
results  of  the  successful  experiments  in  the  USA  on  ICR  separation  of  potassium 
isotopes  with  separation  coefficient  a  40  were  published  at  the  end  of  1976 
[62],  A  principal  scheme  of  the  ICR  method  of  isotope  separation  in  plasma  is 
presented  in  Fig.  7. 

For  isotopically  selective  ICR  heating  of  ions  with  the  mass  of  Mi  and  mass 
difference,  related  to  neighbour  isotopes  AM^,  in  the  magnetic  field  B  on  the  cy¬ 
clotron  frequency  Uci  (c^ci  =  eB /Mi)  fulfilment  of  a  set  of  conditions  is  required 
for  uniformity  of  magnetic  field  SB /B  <  AMi/Mi;  for  frequency  of  ion-ion  colli¬ 
sions  nuii/iVci  <  SMi/Mi.  Resonance  condition  for  ion  traveling  along  the  mag¬ 
netic  field  with  velocity  T4  is  uj—kzVz  =  u)cu  where  kz  =  2%/ X  -  wave  vector  of  the 
antenna.  Due  to  spreading  of  longitudinal  velocities  of  ions  AV^,  whose  value  is 
about  the  thermal  velocity  of  ions  Doppler  broadening  of  the  ICR  heating  line 
exists:  Aud  =  kzAVz  ,  which  also  must  be  small  enough:  iOD/^d  <  AMi/M, 
Besides  the  Doppler  broadening  of  the  ICR  heating  line  also  the  time-of-flight 
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broadening  AtOr  of  the  ICR  heating  line  exists,  connected  with  the  finite  time  r 
of  the  ion  flight  through  the  heating  zone  length  L\  Alo^  =  ttVz/L  and  fulfilment 
of  the  following  condition  is  necessary:  <  AMi/M, 


waste 


Fig.  7.  Scheme  of  the  ICR  installation 

To  fulfill  all  these  conditions  it  is  necessary  to  have  a  sufficiently  uniform 
{ABfB  <  10“^)  and  strong  {B  >  3T)  magnetic  field  of  length  of  about  L  =  4 
-6  m,  where  inductive  ICR-antenna  is  placed.  Plasma  must  be  not  very  dense 
{n  <  10^^  cm~^)  with  low  initial  temperature. 

Separated  flow  Q  in  ICR  installation  is  determined  by  the  plasma  cross  sec¬ 
tion  5,  plasma  density  n  and  by  longitudinal  ion  velocity  in  the  flow  Vz  :  Q  = 
MiTiVzS. 

Production  of  steady  state  uniform  plasma  flow  with  large  cross  section  in 
strong  magnetic  field  for  metal  elements  is  a  rather  complicated  task.  In  ex¬ 
periments  in  the  USA  [63,  64]  the  plasma  flow  was  created  by  ECR-discharge. 
Atomic  vapour  of  Ni  was  produced  by  cathode  sputtering. 

Isotopically  selective  ICR  heating  can  be  performed  by  various  types  of  anten¬ 
nae.  To  obtain  effective  heating  of  isotope  ions  in  overall  plasma  cross  section, 
antennae  producing  RF-fields  with  azimuthal  wave  number  m=l  are  needed. 
The  most  suitable  F-antenna  in  this  case  appears  to  be  the  helical  one.  It  is 
used  now  in  most  experiments  on  ICR  isotope  separation. 

Collector  system  in  ICR-installation  presents  a  set  of  equidistantly  placed, 
parallel  to  magnetic  field  plates,  cutting  the  plasma  flow  (Fig.  7).  The  distance 
between  the  plates  is  about  two  Larmor  radii  tl  for  heated  particles,  where 
n  ~  MiV±/eB^  and  V±  -  transverse  velocity  of  the  heated  ions  of  the  target 
isotope.  Separation  coefficient  of  isotopes  in  ICR  system  can  depend  not  only 
on  the  distance  between  the  collector  plates  but  also  on  the  value  of  positive 
retarding  potential  at  the  collecting  plates. 

In  large-scale  experiments  in  the  USA  on  ICR  separation  of  isotopes  signif¬ 
icant  success  was  demonstrated  on  isotopes  Ni,  In,  Pb.  Nickel  was  enriched  by 
isotope  ^^Ni  up  to  97%  [63,  64].  Productivity  of  the  installation  at  production 
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of  Ni,  enriched  by  isotope  up  to  40%  was  about  13  g/day. 

Isotopes  of  ^^®Yb,  ^^^Gd  and  '^^Ca  were  obtained  on  the  ERIC  in¬ 


stallation  (Prance)  [65,  66],  where  "^^Ca  isotope  was  extracted  with  separation 
coefficient  a  =  130.  Isotopes  of  ®Li  with  separation  coefficient  a  =  90  was  ob¬ 
tained  in  Russia  [67].  Fundamental  processes  at  ICR  heating  for  separation  are 
investigated  in  Japan  [68,  56,  57,  69]. 

A  good  resolution  of  isotopic  Zn-ion  current  peaks  in  the  ERIC  installation 
[66]  is  shown  in  Fig.  8. 


To  obtain  high  selectivity  of  the  process  of  isotope  separation  in  one  stage  of 
ICR  installation  it  is  necessary  to  have  a  possibility  of  maintaining  sufficiently 
high  strength  of  the  magnetic  field  in  the  working  area  of  heating.  This  was 
shown  on  ^Li  and  ^Li  isotopes  in  the  work  [67],  and  presented  in  Fig.  9. 


FIG.  9.  Dependence  of  ionic  current  of  the  heated  particles  on  collector  versus  the  value  of 
magnetic  field  at  different  frequencies  of  RF  generator. 
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All  stages  of  ICR  isotope  separation  in  lithium  plasma  were  investigated  at 
the  Kurchatov  Institute.  A  set  of  experiments  with  full-scale  collector  system 
aimed  at  measuring  the  separation  coefficient  a  and  the  extraction  factor  of 
desired  isotope  7  was  made  recently. 

At  present  at  the  Kurchatov  Institute  a  project  of  semi-industrial  ICR  in¬ 
stallation  MCIRI  (Magnetic  Cyclotron  Ion  Resonance  of  Isotopes)  is  under  de¬ 
velopment  with  feed  of  ECR  plasma  source  up  to  some  kg/day,  superconducting 
solenoid  with  of  length  of  7  m  and  clear  bore  diameter  of  1  m,  with  magnetic 
field  3  -  4  T  and  uniformity  better  than  10”^  in  the  region  with  length  5  m  and 
diameter  0.5  m. 

Advantages  of  this  method  have  to  be  estimated,  firstly,  by  the  possibility  of 
extension  of  production  of  such  isotopes  as  Gd,  Ca,  Tl,  Yb  and  others,  which 
are  required  in  amounts  much  higher  than  it  can  be  provided  by  electromagnetic 
separators. 

7.  Some  comparative  estimations  of  energy  consumption  for  separation  of  isotopes  by 

different  methods 

In  the  Table  3  estimations  of  energy  consumption  per  Separation  Work  Unit 
(SWU)  are  presented,  where  W-  energy  consumption  of  installation  and  5U  - 
separation  power  of  installation  (single  step). 


Table  3. 


Separa¬ 

tion 

method 

Gas 

centri¬ 

fuges 

Gas 

diffu¬ 

sion 

Electro¬ 

magne¬ 

tic 

method 

[70] 

Plasma 

centri- 

fuge 

RF 

sys¬ 

tems 

with 

trave- 

lling 

wave 

DC 

dis¬ 

charge 

ICR 
[70]  for 
vana¬ 
dium 
isoto- 
tope 

Energy 

consum- 

ption 

W  f  Am\^ 

6U  \  m  J  ’ 

\kW-hour] 

[  SWU  J 

10^2 

0.2 

2.7  •  10^ 

40 

200 

1200 

1.0 

8.  Conclusion 

Let  us  evaluate  the  methods  of  isotope  separation  in  plasma.  Investigations  of 
the  isotope  separation  in  the  plasma  centrifuges  showed  existence  of  intrinsic 
limit  for  separation  coefficient  in  one  step.  This  limit  prohibits  this  method  for 
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possible  industrial  use.  Excitation  of  DC  discharge  or  RF  discharge  leads  to  de¬ 
velopment  different  physical  processes  (ion  wind,  difference  in  ionization  degrees 
of  isotopes,  thermodiffusion,  etc.)  in  plasma,  which  can  result  in  observation  of 
spatial  separation  of  isotopes.  But  these  systems  (RF  discharge  with  traveling 
wave,  or  DC  discharge)  have  high  energy  consumption  per  SWU.  Prom  all  of 
plasma  methods  the  ICR  method  can  be  most  advanced  for  possible  industrial 
usage,  as  it  has  moderate  energy  consumption  and  is  competitive  with  electro¬ 
magnetic  method  for  elements,  that  not  have  any  volatile  compounds.  Highly 
perspective  for  separation  of  rare  isotopes  is  a  combination  of  the  ICR  method 
with  the  electromagnetic  method,  where  the  ICR  method,  as  more  productive 
one,  can  perform  preliminary  enrichment.  Investigations  of  isotope  separation 
processes  in  plasma  undoubtedly  allow  us  to  broaden  our  fundamental  knowledge 
in  the  field  of  plasma  physics  and  its  applications. 
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Propagation  of  non-reciprocal  surface  electromagnetic  waves  perpendicular  to  external  mag¬ 
netic  field  Bo,  parallel  to  plane  surface  of  purely  electron  plasma,  is  investigated.  It’s  shown 
that  for  small  phase  velocities  the  waves  are  potential  and  can  be  excited  by  transverse  drift  of 
electrons,  which  flow  in  the  plasma. 


In  monograph  [1],  it  was  shown  that  in  semi-bounded  purely  electron  plasma, 
confined  by  external  magnetic  field  Bq  which  is  parallel  to  the  surface  of  plasma, 
could  develop  non-reciprocal  potential  waves.  These  waves  propagate  along  the 
plasma  surface  normal  to  the  magnetic  field.  Ignoring  thermal  motion  of  elec¬ 
trons  (cold  plasma),  we  can  get  the  frequency  spectrum  of  the  waves  from  the 
dispersion  equation: 


(1) 


\^y\ 


where  €±  and  g  are  the  components  of  dielectric  permittivity  tensor  for  a  cold 
electron  plasma 
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are  Longmuir  and  Larmor  frequencies,  density  of  electrons  and  to  is  the  wave 
frequency.  We  assumed  that  the  magnetic  field  is  along  the  z-axis,  parallel  to 
the  plasma  surface  [plane  YZ]  and  ky  ^  Oy  kz  ^  0  are  the  components  of  the 
wave  vector. 

The  waves  described  by  equation  (1)  are  important  for  two  reasons:  First, 
they  can  exist  in  the  range  of  helical  frequency,  where  cj  <<  Og.  In  this  range, 
we  obtain 


(3) 


\ky\2Q.e' 


It  is  obvious  that  this  wave  frequency  depends  on  the  ratio  ^  and  sach 
waves  can  exist  as  distinct  from  helicon,  in  rare,  strongly  magnetized  plasma, 

^Le  ^e* 

Secondly  they  are  one  directional,  i.e.  non-reciprocal  to{ky)  ^  Lo{—ky),  For 
this  reason  it  is  easy  to  detect  them.  The  latter  situation  makes  the  waves  have 
good  prospects  in  diagnosis  of  the  density  of  plasma  near  its  surface.  Such  waves 
are  very  interesting  for  astrophysical  and  laboratory  applications  (solid  state 
plasma). 

It  must  be  noticed  that  in  obtaining  equation  (1)  and  (3)  we  assumed  that 

— f 

field  oscillations  are  potential,  i.e.  E  =  —  and  this  will  narrow  the  range  of 
their  applications.  Below  we  will  generalize  these  relations  for  the  arbitrary  non¬ 
potential  electro-magnetic  case.  In  the  considered  geometry  of  the  problem,  the 
non-zero  components  of  fields  are  Exy  Ey  and  Bz  (TE  -  wave).  From  Maxwell’s 
equations,  taking  into  account  the  dielectric  permittivity  tensor  (2),  we  obtain 


d'^B, 

dx^ 


(4) 


E. 


E, 


,  ,2  ^2  ^2 

to  to  ox 


kyC  „  c  dBz 

to  to  OX 


These  equations  are  valid  in  all  regions  of  x-coordinate,  inside  the  plasma, 
where  a;  <  0  as  well  as  outside  it  rc  >  0  where  Sij  — >  Sjj.  So  we  will  solve  them 
separately  in  these  two  regions,  and  match  the  two  solutions  at  surface  rc  =  0, 
satisfying  the  boundary  conditions  for  Bizy  B2z  and  Eiyy  E2y  at  the  surface 
a;  =  0. 

(5)  =  0,  {Ey}^^,  =  0 
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Symbol  means  a  jump  of  quantity  A,  when  crossing  the  surface  of 

plcLSma- vacuum  at  a;  =  0. 
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Assuming  the  solution  of  the  first  equation  of  (4)  to  have  the  form 


(6) 

^  \  C2e-’‘o^  , 

we  obtain 

,  >2  C.2  /,2 

1.2  _  1.2^  £±-9 

(7) 

~  S  r2 

Substituting  these  solutions  in  the  boundary  conditions,  we  find  the  following 
dispersion  relation 


(8) 


+  1^2/1  —  0. 


This  relation  is  more  general  than  (1)  and  in  the  limit 


(9) 


« 


klc^ 


=  k^c^. 


goes  over  to  (1).  So  we  can  consider  this  condition  as  a  condition  for  potential 
approximation.  Also  we  notice  that  in  the  absence  of  magnetic  field,  i.e.  when 
J5o  ==  0  equation  (1)  goes  over  to  the  well-known  equation  of  surface  waves  in 
semi-bounded  isotropic  plasma  [1]. 

As  an  application  of  potential  approximation,  we  will  discuss  the  problem 
of  wave  excitations  by  drift  of  electrons.  Such  drift  or  more  accurately  the 
beam  in  low  density  plasma  can  appear  in  the  magnetosphere  of  Earth  as  a 
result  of  solar  wind  [2].  The  density  of  the  beam  in  magnetospheric  plasma  is 
cm”^,  with  energy  I  — 3  keV  together  with  the  assumption  of  a  semi- 
bounded  magnetosphere  plasma  with  a  density  up  to  5  —  10  cm”^.  So  it  can 
accordingly  explain  the  extended  radio- frequency  radiation  detected  by  Sputniks 
of  the  Earth  at  altitude  500  -  800  km.  Below,  we  will  show  that  the  transverse 
beam  of  electrons  can  excite  these  kinds  of  non-reciprocal  surface  waves,  which 
we  discussed  above.  For  this  aim  we  assumed  the  beam  is  non-relativistic,  and 
moving  with  velocity  u  «  c  along  the  y-axis,  parallel  to  plasma  surface.  In  this 
case  equation  (1)  becomes  more  complicate  and  take  the  form 


k 

(10)  €±h  +  e±p  +  r^Agb  +  =  2 

\^y\ 


(vt 


Ujfle  \ky\  (u)  —  kyU)Q,e  \ky\' 


Here  the  indexes  and  ”6”  refer  to  plasma  and  beam  respectively. 
Equation  (10)  was  obtained  in  the  range  of  low  frequencies  for  which  (3)  is 
valid.  The  influence  of  the  beam,  which  modified  equation  (1)  and  appears  in 
equation  (10),  will  lead  to  correction  in  u). 
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Assuming  w  ->  a;  +  <^  =  kyU  +  (5,  we  will  get  for  5  the  relation 
(11)  52  ^  ^  _n6^2 

rip 

where  ^  is  the  ratio  of  densities  of  electrons  in  beam  and  plasma.  We  notice 

that  <  0.  Consequently  the  surface  non-reciprocal  waves  will  be  excited  in 
magnetized  plasma  by  transverse  electron  beam.  It  is  easy  to  show  that  these 
waves  can  be  developed  in  rare  plasma  with  which  is  satisfied  in 

magnetosphere  of  the  Earth.  Remembering  that  in  magnetosphere  Bq  ^  0.3  Gs, 
for  the  frequency  of  the  surface  wave  we  obtain  6J  =  5-10^s“^,  which  is  three 
orders  of  magnitude  less  than  Larmor  frequency,  Og  =  5  ♦  10®  s“^ 
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1.  Introduction 

The  periodical  structures  or  particle  crystals  in  dusty  plasma  were  found  experi¬ 
mentally  in  rf  and  dc  discharges  [1,2].  Often  the  following  criterion  for  the  dust 

crystal  formation  is  used  F  =  where  T  is  the  temperature,  k  is  Boltzman 

constant,  e  is  the  charge  of  electron,  Z  is  electric  charge  of  a  drop,  <  r  >  is  the 
mean  distance  between  dust  grains.  In  this  work  we  derive  the  another  criterion 
for  the  dust  crystal  formation. 


2.  Formulation  of  the  problem 


Here  the  thermal  dusty  plasma  is  considered  when  temperatures  of  all  plasma 
components  are  equal  to  Tg.  Let  the  spherical  charged  dust  particle  is  sur¬ 
rounded  by  similar  particles.  In  this  case  the  distribution  of  an  electric  potential 
is  obtained  from  the  Poisson  equation: 


Here  no  is  the  plasma  density  when  r  — >  oo.  Using  the  non-dimensional  vari¬ 
ables  we  write  the  equation  (2.1)  in  the  form: 


(2.1)  ^  +  =  ^ 
dr^  r  dr  eq 


dx^ 


-I - =  S/l# 

X  dx 


(2.2) 
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Here  we  use  the  next  designations: 


kTg' 


r  _  /2noe2 
rd  V 


3.  The  potential  of  the  dust  particles 

In  two  important  cases:  a)  ^  <<  1,  or  b)  a:  <<  ^ analytical 
solution  of  the  equation  (2.1)  may  be  presented  in  the  well  known  form: 

(3.1)  ^  =  ^s—exp{xs  -  x) 

X 

Here  Xs  is  the  non-dimensional  radius  of  a  dust,  is  the  dust  surface  potential. 

This  solution  is  valid  for  dust  particles  when  ^5  ^  3  and  Xs  sin  0.1  so  we  use 
it  for  all  r. 

The  electrostatic  energy  of  two  charged  dust  particles  is  represented  in  the 
form: 

(3.2)  K{s)  -  (p{s)eZ  +  J  ip{s-,x,y,z)p{x,y,z)dxdydz 

where  s  is  non-dimensional  distance  between  the  particles.  , 

Here  the  first  term  in  the  right  side  of  the  equation  (3.2)  describes  the  re¬ 
pulsion  of  particles,  the  second  one  describes  attraction  between  charged  clouds 
and  particles. 

Using  the  solution  (3.1)  we  calculate  the  integral  (3.2) 

2  (1  Xs  2^5^ - 6  ^ 


(3.3)  K{s)  -  Ko 


where  Kq  ~  AnkTgnor^^^lx^^. 

The  electrostatic  energy  K{s)  as  a  function  of  distance  is  presented  on  Fig.  1. 
Prom  this  graph  it  is  clear  that  the  electrostatic  energy  has  the  classic  form:  the 
repulsion  for  the  small  radii  and  attraction  for  the  big  ones. 


4.  The  criterion  for  the  dust  crystal  formation 

The  Vlasov’s  kinetic  equations  are  widely  used  in  collisionless  plasma  physics. 
Because  of  very  rare  collisions  between  dust  particles  in  plasma  we  may  use  the 
Vlasov’s  kinetic  equations  for  charged  dusts  that  interact  through  the  collective 
electric  field. 

A.  Vlasov  has  suggested  the  criterion  of  periodical  structure  formation  [3] 
that  for  the  charged  dust  has  the  form: 
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where  Np  is  the  dust  density. 

In  (4.1)  we  should  integrate  for  Xg  «  1  from  0  to  oo  without  taking  into 
account  the  boundaries.  The  criterion  (4.1)  predicts  infinite  period  crystal  for¬ 
mation. 

Incorporate  (3.3)  into  the  equation  (4.1)  we  find  the  dust  density  that  is 
needed  for  dust  crystal  formation.  This  dust  density  depends  from  plasma  and 
dust  parameters  in  the  form: 

^  4S7r‘^no^lxjry 

Dependence  of  dust  density  on  plasma  density  no  for  =  3,  Xs  =  0.05,  Tg  = 
2000  K  is  presented  on  Fig.  2. 


5.  Conclusion 

Using  the  electrostatic  interaction  between  charged  dust  particles  and  the 
Vlasov’s  criterion  periodical  structure  formation  we  derived  the  condition  of  dust 
crystal  formation. 
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1.  Introduction 

Vacuum  or  low  pressure  plasma  arcs  are  attractive  because  they  produce  an 
intense  metallic  ion  flux  emerging  from  the  cathode  surface  [1].  Although  the 
angular  distribution  of  the  ion  flux  is  peaked  towards  the  anode,  the  ions  are 
emitted  within  broad  angles  (measured  with  respect  to  the  normal  to  the  cathode 
plane),  so  that  depending  on  the  electrode  geometry  a  considerable  fraction  of  the 
ion  yield  flies  away  from  the  inter-electrode  region,  penetrating  into  the  otherwise 
empty  outer  space.  Usual  gas  neutral  pressures  employed  with  d-c  arcs  are  in 
the  range  0.01-0.1  mbar,  but  in  some  works  gas  neutral  pressures  in  the  range 
1-10  mbar  were  used,  either  with  the  purpose  of  studying  the  attenuation  of  the 
metallic  ion  flux  through  the  absorption  by  the  neutral  gas  [2],  or  because  in  some 
pulsed  high  current  experiments  [3]  with  currents  in  the  range  500  -  1200  A,  and 
with  faced  electrodes  separated  by  a  small  gap  (2-5  mm),  the  above  quoted 
high  pressure  range  resulted  in  good  reactive  coating  production.  The  study  of 
the  outer  region  of  the  discharge  when  the  arc  is  operated  with  neutral  gas  filling 
is  important  because  in  this  region  the  ions  lose  their  kinetic  energy  by  elastic 
collisions  with  the  neutral  particles  and  some  of  them  are  recombined  through 
inelastic  processes.  Recently,  a  stationary  fluid  model  with  spherical  symmetry 
to  describe  the  interaction  between  metallic  plasma  ions  with  neutral  gas  in  the 
outer  region  of  a  multi-cathode  spot  low  pressure  arc  was  presented  [4].  It  was 
found  that  the  neutrals  interpenetrate  the  metallic  plasma  with  density  values 
small  with  respect  to  the  initial  gas  filling  density  value,  but  comparable  to  the 
metallic  plasma  density.  The  neutrals  resulted  also  strongly  heated  during  the 
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transient  expansion  of  the  metallic  plasma.  The  model  predicts  the  plasma- 
neutral  gas  structure  up  to  the  radial  position  at  which  the  ions  have  completely 
lost  its  kinetic  energy  (r*),  while  for  r  >  r*  only  the  neutral  gas  temperature 
and  density  can  be  obtained.  In  this  work  we  present  results  from  electrostatic 
probe  measurements  in  the  outer  region  of  a  pulsed  low  pressure  arc  with  faced 
electrodes  operated  with  Nitrogen  gas,  with  the  purpose  of  obtaining  information 
on  the  plasma  structure  in  the  outer  region  of  the  arc  channel  of  a  vacuum  arc 
operated  at  relatively  high  neutral  gas  pressures.  Since  a  key  point  necessary  to 
interpret  the  probe  signals  is  the  knowledge  of  the  collision  mean  free  path  of  the 
charged  particles  (which  in  turn  requires  some  information  about  the  plasma- 
neutral  gas  structure),  the  plasma  and  neutral  gas  parameters  are  inferred  using 
the  model  of  Ref  [4]. 


2.  Experimental  apparatus  and  procedure 


The  arc  was  produced  by  discharging  an  electrolytic  capacitor  bank  with  C  = 
0.075  F,  connected  to  a  series  inductor-resistor  (L  =  2  mH,  R  =  0.33  W)  which 
critically  damped  the  discharge.  The  vacuum  chamber  was  a  25  cm  long  and  10 
cm  diameter  stainless  steel  cylinder,  through  whose  bases  two  faced  electrodes 
were  introduced.  The  Ti  cathode  was  15  mm  in  diameter  and  contained  a  central 
trigger  electrode  (1  mm  diameter  Titanium  wire)  for  arc  ignition.  The  anode 
was  made  of  Copper,  with  the  same  diameter  than  that  of  the  cathode.  The  gap 
d  between  anode  and  cathode  was  set  at  2  mm.  The  arcs  were  performed  in  N2 
gas,  at  pressure  values  (p)  of  =  0.6,  2  and  10  mbar.  An  electrostatic  probe  was 
inserted  into  the  discharge  chamber  in  the  radial  direction  (perpendicular  to  the 
electrode  axis) ,  and  located  at  an  axial  position  approximately  in  the  middle  of 
both  electrodes.  The  probe  radial  positions  (r^)  investigated  were:  rp  =  1.25, 
2.75  and  9.5  cm.  The  probe  electrode  consisted  of  a  spherical  Copper  tip  (0.9  mm 
of  diameter),  which  was  made  by  melting  (and  then  quenching)  a  Cu  wire  0.5 
mm  thick.  The  arc  was  ignited  by  applying  a  short  (^  ps)  high  voltage  pulse 
to  the  trigger  electrode.  The  operating  voltage  was  180  V  («  1.2  kJ  of  stored 
energy),  giving  a  current  pulse  with  an  amplitude  of  320  A,  and  half- amplitude- 
full- width  duration  of  35  ms.  The  arc  current  was  measured  by  employing  a  small 
series  resistance  (0.01  W),  and  the  arc  voltage  by  means  of  a  high  impedance 
resistive  voltage  divider.  The  probe  was  biased  by  connecting  it  to  a  regulated 
d-c  power  source  (zb  50  V,  2  A)  through  a  calibrated  series  resistor  (Rp).  The 
probe  voltage  (V^),  the  voltage  drop  on  Rp  (which  in  turn  is  proportional  to 
the  probe  current  ip),  the  voltage  between  the  electrodes  {Vac)  and  the  total 
discharge  current  were  simultaneously  registered  using  a  four-channel  digitizing 
oscilloscope.  In  order  to  study  the  dependence  of  the  plasma  floating  potential 
{Vf)  on  the  radial  position  of  the  probe  (for  fixed  p),  a  series  of  shots  with  the 
probe  simply  connected  to  a  high  impedance  resistive  voltage  divider  was  also 
performed.  In  general,  the  probe  was  operated  at  Vp  values  corresponding  to  the 
ion  branch  of  the  V-I  characteristic,  but  for  the  case  p  =  0.6  mbar,  ==  9.5  cm 
a  complete  V-I  characteristic  was  obtained. 
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3.  Results 


The  probe  signals  were  very  noisy,  with  a  shot-to-shot  reproducibility  of  only 
20%.  In  Table  1  average  values  (over  ten  shots)  of  Vf  and  the  ion  probe  cur¬ 
rent  for  different  p  and  radial  probe  positions  values  are  presented.  The 
theoretical  values  [4]  of  the  neutral  gas  density  (n^r),  the  plasma  potential 
the  ion  kinetic  energy  and  the  non-dimensional  parameter  l/rp  (being  I 

the  mean  free  path  of  the  charged  particles)  are  also  included  in  the  Table  1. 
In  this  experiment  I  is  mainly  controlled  by  elastic  collisions  with  the  neutrals 
{(Jei  ^  5  •  10"^^  cm^). 


Table  1.  Average  values  of  Vf  and  the  ion  probe  current  (i^)  for  different  p  and 
radial  probe  positions,  together  with  several  parameters  of  the  plasma-gas  system 

obtained  from  [4]. 


p(mbar) 

(mbr) 

T* 

(cm) 

Tp 

(cm) 

Vf 

(V) 

2+ 

(mA) 

UN 

(10^®  cm-®) 

Vpi 

(V) 

Ei 

(eV) 

Ijrp 

0.6 

3.3 

1.25 

13.9 

7.2 

1.4 

17.2 

34 

3.1 

0.6 

umi 

2.75 

14.7 

1.9 

2.3 

14.9 

5.9 

1.9 

0.6 

9,5 

10.8 

0.002 

25.6 

0.17 

1.7 

1.25 

14.7 

7.8 

4.3 

17.5 

14.6 

1.0 

2.75 

14.6 

0.37 

8.1 

0.54 

9.5 

6.3 

0.0007 

86.3 

0.05 

10 

0.95 

1.25 

13.9 

3.7 

21.5 

0.2 

10 

2.75 

13.7 

0.026 

41.1 

0.1 

10 

9.5 

3.7 

428 

0.01 

For  all  the  shots,  it  was  found  Vac  =  20  ±1  V.  The  of  the  probe  signals  were 
interpreted  according  to  the  value  of  l/vp.  For  l/rp  >  1,  Lam’s  generalization  of 
the  classical  Langmuir  theory  [5]  (which  includes  the  case  of  ions  with  arbitrary 
energy)  was  used;  for  Z/r^  <  1,  a  simplified  diffusive  theory  [6]  (valid  for  probe 
potentials  close  to  Vf)  was  employed;  while  for  l/vp  «  1  Cohen’s  theory  [7] 
(which  includes  a  collisional  sheath)  was  used.  The  electron  temperature  (Tg) 
was  obtained  from  the  difference  between  Vf  and  Vpi,  For  the  cases  in  which 
Vpi  was  not  available  from  the  theoretical  model,  Vpi  was  extrapolated  according 
to  the  relationship:  Vpi  ^  Vac  “  Teln{nio/ni),  where  n^o  is  the  ion  density  in 
the  arc  channel  (this  relationship  is  predicted  from  [4]).  In  spite  of  the  different 
collisional  regimes,  for  all  the  cases  it  was  obtained  Tg  const  =  0.6  ±  0.2 
eV.  This  value  was  confirmed  from  the  slope  of  the  probe  characteristic  (for 
small  electron  currents)  in  the  case  p  =  0.6  mbar,  Tp  =  9.5  cm.  In  Table  2 
the  ion  density  (n^)  values  obtained  from  the  probe  signals  are  given,  together 
with  the  corresponding  theoretical  ones  {nf^)  obtained  from  [4].  The  best  fitting 
between  and  nf'  was  obtained  for  the  following  parameters  of  the  model: 
ion  current  into  the  outer  part  of  the  arc:  20  A,  ion  absorption  cross  section 
<7a6s  =  Cm^- 
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4.  Final  remarks 

For  Tp  <  r*  the  measured  values  of  ni  are  in  good  agreement  with  those  predicted 
by  the  model  of  Ref.  [4].  The  measured  Tg  values  are  considerably  smaller  than 
the  theoretical  one.  This  fact  can  be  attributed  to  the  anchoring  of  Tg  due  to 
atomic  dissociation  processes  of  the  N2  molecule.  Since  the  number  of  N  atoms  in 
this  discharge  is  quite  high  (due  to  the  thermal  dissociation  of  the  strongly  heated 
N2  gas),  the  molecular  dissociation  by  electron  impact  produces  a  depletion  of  the 
thermal  electron  energy,  until  an  equilibrium  state  is  reached  by  the  microscopic 
balance  with  the  atomic  recombination  in  the  presence  of  an  electron.  The 
equilibrium  Tg  value  is  quite  close  to  that  experimentally  determined. 

Another  interesting  result  is  the  absorption  cross  section  for  the  metallic  ions 
with  the  neutral  gas,  which  results  very  similar  to  that  previously  determined  in 
an  ion  absorption  experiment  [8]. 

Table  2.  Ion  density  obtained  from  the  probe,  together  with  the  corresponding 
theoretical  values  (for  rp  <  r*)  obtained  from  Ref.  [4]. 


p 

(mbar) 

rp 

(cm) 

ni(10^^  cm 

nf'*  (10^^  cm“^) 

0.6 

1.25 

3  ±0.5 

3.0 

0.6 

2.75 

1.6  ±0.2 

1.2 

0.6 

9.5 

0.006  ±0.001 

2 

1.25 

3.9  ±0.6 

4.2 

2 

2,75 

0.64  ±0.1 

2 

9.5 

0.0016  ±0.0002 

10 

1.25 

5.9  ±0.9 

10 

2.75 

0.054  ±0.09 

10 

9.5 

<  10“^ 
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